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ABSTRACT
PROPERTIES AND BEHAVIOR OF TRICARBONYL MANGANESE
SCORPIONATE COMPLEXES

Billy Shone, M.S.
Marquette University, 2022

Manganese tricarbonyl complexes have widely been studied for their ability to release
carbon monoxide (CO) in the presence of light for potential applications in cancer
therapy and in catalysis. Most studies focus on the kinetics and quantity of CO release
and the overall impact on cell death. Far fewer studies identify the manganese
intermediates and final products after decarbonylation. Identification of such products
would be critical to improving reactivity and understanding potential (undesirable) side
effects in future applications employing these CO releasing molecules (CORMs).
Recently, nitrogen confused C-scorpionate ligands were introduced by the Gardinier
group where a pyrazolyl ring is bound to the central methine by a ring carbon atom rather
than the prototypical ring nitrogen. These new C-scorpionates offer desirable versatility
into scorpionate ligand designs, allowing unprecedented control over ligand sterics,
electronics, and even potential increases in either denticity or the number of metals
ligands can bind (nuclearity). In this thesis the syntheses of a new nitrogen-confused Cscorpionate, PhL*, with two 3,5-dimethylpyrazolyl and an N-phenylpyrazolyl donor
attached to a methine CH group is described. An improved synthesis of the dinucleating
analogue, pz6L*, containing two similar C-scorpionate centers connected via a metaphenylene linkage is also documented. Two known tetradentate C-scorpionates, L 1 and
L2, that have either a di(pyrazolyl)methyl (for L 1) or bis(3,5-dimethylpyrazolyl)methyl
(for L2) group bound to the 3-position of an N-(2-pyridylmethyl-)pyrazolyl moiety were
also prepared. The coordination of these four C-scorpionae ligands to
tricarbonylmanganese(I) trifluoromethanesulfonate (OTf) and subsequent
decarbonylation chemistry was probed in attempts to isolate and characterize any monoor dinuclear intermediates and to identify the manganese products. This latter pursuit
required an investigation into the coordination chemistry of the ligands with
manganese(II) trifluoromethanesulfonate. Despite the significant steric bulk of PhL* and
pz6L*, homoleptic [Mn(PhL*)2](OTf)2 or [Mn2(-pz6L*)2](OTf)2 were the ultimate
products of decarbonylation. Half sandwich complexes of the type [LMn(solvent) 3]n+ (n
= 1, 2) could not be isolated for the tridentate ligands. However, the use of tetradentate
ligands afforded both homoleptic and heterleptic species, the latter being stabilized by 4coordination. Chemical decarbonylation with Me3NO permitted, for the first time,
isolation and characterization of cis- dicarbonylmanganese(I) complexes.
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CHAPTER 1: INTRODUCTION
Carbon Monoxide (CO) is commonly referred to as the silent killer since its
binding affinity is 200 times greater than oxygen to hemoglobin (Hb), so it impairs
oxygen delivery. Despite its considerable lethality, CO is produced endogenously as
result of heme degradation as seen in Figure 1.1, where in low concentration, CO has
been shown to behave as an important signaling molecule capable of triggering antiinflammatory, antiapotic, antiproliterive, and vasodilatory effects. 1,2 Preclinical animal
trials have shown that CO in small doses played an important role in treating
cardiovascular diseases, inflammatory disorders and sustained organ transplants. 3 As a
result, there has been a growing interest in using CO in potential therapeutic applications.

Figure 1.1: Catabolism of Heme by Heme Oxygenase To Give FeII, CO and Biliverdin.1

2

However, treatment using CO in its gaseous state poses many concerns both in
determining and delivering proper dosages.4,5,6 Administration through inhalation is
problematic since this would lead to full body exposure of the toxic gas. Furthermore, its
biological response can vary as a factor of concentration and location of administration. 7
Thus there is a growing interest in developing new delivery methods capable of releasing
of CO in a controlled manner.3 To meet these requirements several small molecules
containing labile CO groups have become popular targets of study. These compounds
would be referred to as CO releasing molecules (CORMs). 2 Among the library of
CORMS, metal carbonyl complexes have been commonly studied due to their ability to
release CO through the effects of ligand substitution or structural decomposition. 1
The first study of transition metal CORMs was pioneered by Motterlini through
the use of three commercially available compounds Mn 2(CO)10, Fe(CO)5 and
[Ru(CO)3Cl2]2.2 The compounds were added into myoglobin assays, where CO release
was monitored spectrophotometrically. This could be identified by the conversion of
deoxymyoglobin (deoxy-Mb) into carbonmonoxymyoglobin (MbCO) which was
quantified by electron absorption spectroscopy using the latter’s characteristic the Q-band
absorption at 540 nm ( = 15,400 M-1cm-1).
Each of the molecules displayed the ability to release CO in response to different
stimuli. In the cases of Fe(CO)5 and Mn2(CO)10, both were found to be insoluble in
aqueous solutions, and remained unreacted in myoglobin assays in the absence of light.
However, both complexes released CO when exposed to a light source. [Ru(CO) 3Cl2]2
(Figure 1.2) was soluble in DMSO-water mixtures, and immediately released CO upon
addition to myoglobin assays. This CO release was attributed to the dissociation of the
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Ru dimer complex in solution, where DMSO acted as a coordinating ligand that
promoted the formation of two monomers: a tricarbonyl and a dicarbonyl, releasing a
single CO in the process. These two monomers were identified using 13C NMR spectra as
seen in Figure 1.3. Analysis of a freshly prepared solution of [Ru(CO)3Cl2]2 and d6DMSO during the first 23 minutes of the reaction indicated the formation of the
tricarbonyl and the dicarbonyl monomers as seen in (Figure 1.3a). Bubble formation
during this period indicated that CO gas released over time. Furthermore, in the presence
of heat, ligand substitution is further promoted as the tricarbonyl monomer is consumed
to form an isomer of dicarbonyl monomer, releasing another CO in the process as
observed in Figure 1.3b. After complete elution of the gas formation, it was found that
the complex released approximately 0.7 moles of CO per mole of [Ru(CO) 3Cl2]2.
Of the complexes studied Fe(CO)5 was not further explored due to concerns over
toxicity and the precipitate produced when exposed to light, a behavior not present with
Mn2(CO)10. In cases of Mn2(CO)10 and [Ru(CO)3Cl2]2 both exhibited low cytotoxicity
over a 24 hour time frame at concentrations between 40 to 210 μmol/L. In lower
concentrations [Ru(CO)3Cl2]2, led to vasodilatory effects when inserted in precontracted
aortic rings, but at higher concentrations over a period of 24 hours, cytotoxicity was
shown to increase significantly, with cell death reaching over 55%. This sudden increase
in toxicity did pose concern on the Ru complex’s viability in therapeutic applications.

Figure 1.2: Chemical structure of the tricarbonyldichlororuthenium (II) dimer ([Ru(CO)3Cl2]2).
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Figure 1.3: a) 100.62 MHz 13C NMR spectrum taken of the freshly prepared [Ru(CO)3Cl2]2 and d6-DMSO.
B) 13C NMR after ([Ru(CO)3Cl2]2 was heated for 5 minutes, indicates ligand substitution as products 1, 2,
and 3.2

To address concerns of toxicity, Motterlini would continue to investigate the
properties of Ru complexes utilizing amino acids and nucleotides as potential candidates
for ligands.8 Naturally present in the body, it was presumed that these amino acids and
nucleotides could play a role in reducing toxicity. Of these complexes,
Ru(CO)3Cl(glycinate) was the most promising, were the glycine ligand was found to
keep the complex stable in an aqueous environment, while quickly releasing CO when in
contact with myoglobin assays via ligand substitution. When used in biological studies,
the Ru complex was shown to attenuate organ rejection in mice, greatly improving their
survivability and was shown to aid in myocardia recovery of ischemic hearts. 9
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However, despite the biological benefits of Ru(CO)3Cl(glycinate), there were
issues with purity. The compound was commonly observed as a mixture of isomers when
used in biological systems.8 It was also shown to be susceptible to degradation with
changes in pH and was reactive with water as in Figure 1.4. Due to this reactivity, there
may be potential complications with the complex’s effects throughout various parts of the
body, where pH can differ. Furthermore, despite its benefits as a quick CO releasing
molecule, there are situations where a quick release of CO wouldn’t be ideal, bringing
into account the need for a more controlled method of releasing CO.

Figure 1.4: The most probable species formed in equilibria involving [Ru(CO) 3Cl(glycinate)] with base
summarized here.8

While initially yielding poor results in terms of water solubility, Motterlini’s
study of dimanganese decacarbonyl demonstrated the complexes’ ability to liberate CO
in response to photoirradiation, while remaining stable in the absence of light. 10 This
convenient method of CO release rapidly became growing topic of interest and intense
scrutiny was place on discovering new “PhotoCORM” complexes that would rapidly lose
CO on light irradiation. In manganese carbonyl complexes, the metal-to-ligand charge
transfer (MLCT) band (metal t2g  CO based *) resides in the blue region of the visible
spectrum and serves as the chromophore.11
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To examine biological compatibility, the Schatzschneider group explored
versatile tris(pyrazolyl)methane (tpm) ligand variants. These ligands can be modified to
allow incorporation of biologically important groups. The ligands were then incorporated
into manganese metal complexes that contained a total of three CO occupied sites as seen
in Figure 1.5.12 The complex exhibited limited water solubility despite being ionic.
Thus, DMSO:water or DMSO buffered solutions were used in experiments and the
complex remained stable in solutions in the absence of light, even in the presence of
oxygen. CO release was monitored via UV-visible spectroscopy. Upon photoirradiation
at 365 nm a release of 1.96 moles of CO per mol of Mn was observed . 12 It was further
found that there was a 3:1 selective uptake of the aqueous dmso solutions of the complex
into by HT29 human colon cancer cells by atomic absorption spectroscopy and that
irradiation shows 30% cytotoxicity, similar to standard cytotoxic agent 5-fluorouracil. 12

Figure 1.5: Structure of [TpmMn(CO)3] PF6

Tagging the PhotoCORM to multiple ligand architectures would bring a rise in
interest to the possible biological application. In order to promote the photoCORM
uptake into cancer cells the Schatzschneider groups covalently linked the
[(RTpm)Mn(CO)3]+ (R = organic group at scorpionate methine carbon) core onto a short
peptide. This linkage was achieved via functionalization of the carbon backbone with a
triple bond, allowing coupling via a “click” reaction (Figure 1.6).13 A peptide consisting
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of a five amino-acid sequence Thr-Phe-Ser-Asp-Leu is found in the transactivation site of
tumor suppression proteins. In this case, it was utilized as a potential inhibitory
compound that may interfere with the binding MDM2, were an over expression of
MDM2 and binding to the tumor suppression protein, leads to loss of cell growth control.

Figure 1.6: Example of Mn(CO)3 incorporated into a peptide based ligand.13

Upon photoirradiation, tethering to the peptide did not alter CO releasing properties when
compared to the [(Tpm)Mn(CO)3]+ parent complex. Both molecules release a total of 1.7
moles of CO per Mn center. Furthermore, the peptide linked derivative was shown to be
soluble in phosphate buffered solution. This successful implementation provides an
exciting avenue for future studied employing other peptide/ photoCORM combinations.
PhotoCORMs attached to nonbiological ligand architectures, have also been a
topic of interest in potential use for cell uptake. Smith and coworkers introduced a
photoCORM whereby (bpy)Mn(CO)3Br units were appended to dendrimer fragments via
Schiff base condensation (Figure 1.7).14 One advantage of a such a system is that
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dendrimer ligands inherently accumulate in tumor tissue due to enhanced permeability
and retention effect (were molecules of a certain size accumulated more into tumor
tissues than they did others). Secondly upon removal of the CO ligand, the complex may
form bonds with other potential ligands in biological conditions that may then possess its
own different activity or potential toxicity, complicating studies. The dendrimer ligands
should keep any newly generated metal-ligand moieties bound to the Lewis basic
dendrimer framework preventing interaction with cellular matter. Release of CO was
found at 410 nm, and was it was found that each (bpy)Mn(CO) 3Br behaved
independently, releasing up a total of two CO groups per site. Furthermore, they
remained stable in aqueous solution, in the presence of oxygen and absence of light. A
monomeric variation was also created where it was shown that CO release in the
dendrimer took twice as much time as the monomeric species.

Figure 1.7: Irradiation of the four armed dendrimer of Mn(CO)3 in presence of a 410 nm light souce.14

While compounds can release CO upon photoirradiation, most rely on the
presence of UV light to activate. This poses issues about potential damage to cells as well
concerns with potential lack of penetration into tissue.15,16 Ideally, visible or near infrared
(NIR) light to minimize extraneous cell damage.17 One approach conducted by the

9

Mascharak group in 2011 studied the effect of conjugation on CO release with exposure
to UV and visible light.18 Of the manganese tricarbonyl complexes studied those utilizing
di(2-pyridylmethyl)amine] (dpa) and (2-pyridylmethyl)(2-quinolylmethyl)amine (pqa)
ligands were of most interest (Figure 1.8). A noticeable red shift occurred upon
substitution of the pyridine ring with a quinoline ring, resulting in a 10 nm red shift in the
absorption band from 350 nm to 360 nm with the increase in conjugation (Figure 1.9).
Furthermore, there was a large increase in the extinction coefficient confirming that the
increase in conjugation does result in an increase the amount of light absorbed at a lower
energy.

Figure 1.8: Pyridyl based ligand structures used in Mascharak’s study

Figure 1.9: Electron absorption spectra of [Mn(tpa)(CO)3]ClO4 (1,blue trace), [Mn(dpa)(CO)3]Br (2, red
trace), and [Mn(tpa)(CO)3]-ClO4 (3, green trace) in CH3CN.18
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In 2016, Mascharak and group further accessed the effect of the conjugation
through their Bis(4-chlorophenylimino)acenaphthene (BIAN)and 2-[(4chlorophenyl)imino]acenaphthylen-1- (MIAN) derivatives. 19 Compared to the previously
covered compounds, both BIAN and MIAN were found to be highly reactive to light
even in the solid phase. Rapid CO release could be seen from the bubbles formed from
the crystals in oil with the presence of a 3mW cm-2 microscope light (Figure 1.10)
Furthermore, they showed absorption values well into the visible light spectrum
and 570 nm and 630 nm respectively (Table 1.1). While the biological studies have yet to
be conducted with the compounds made by the Mascharak group, these results encourage
further development of visible-light sensitive therapeutic treatment.

Figure 1.10: Bubble formation upon irradiation from microscope light19
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Table 1.1: Molar absorptivity (of the MLCT band) and half-lives of CO photo release of complexes of the
type [Mn(L)Br(CO)3] (L=bpy,azpy, BIAN, and MIAN)19

Outside the studies focused on conjugation, the Ford group, was successful in
developing a nanocarrier that absorbed light in the Near IR region through an
incorporation of lanthanide doped up-conversion nanoparticles (UCNP). 20 These UCNP
had previously shown the ability to absorb NIR light, while emitting photons in the in the
visible light range. The nanocarrier was composed of three components, a manganesebased PhotoCORM using cis-,trans-[Mn(CO)2(PPh3)2(bpy)]+, Figure 1.11, a UNCP
composed of a NaGdF4 nanoparticle doped with Y3+ ion as the NIR absorber, and Tm3+
ion as the visible light emitter, that were dispersed in a 1,2-Distearoyl-sn-glycero-3phosphoethanolamine-Poly(ethylene glycol) (DSPE-PEG) phospholipid polymer matrix.
For this study, triphenylphosphine ligands were used to render the photoCORM insoluble
in aqueous solution like the UCNP. However, when emulsified with the phospholipid
polymer, DSPE-PEG, it formed micelles in aqueous solution that were suitable for
biological studies. The micelles confined the UCNP and the PhotoCORM within close
proximity, so as to enhance the ability of the PhotoCORM to capture the released photons
of the UCNP.
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Figure 1.11: Solid State Structure of [Mn(CO)2(PPh3)2(bpy)]+.20

Figure 1.12: Electronic absorbance spectrum of 2 (yellow) and emission spectrum(blue) of the
NaGdF4:Tm,Yb@NaGdF4 UNCPs (λirr= 980 nm)20

Studies of the manganese complex indicated a peak absorption maxima at 400 nm
with a tail that passed forward into the visible light range (Figure 1.12). Before studies
were completed with the complex, the photoCORM was irradiated with 470 nm light
emitting diode, to identify if the complex would release CO. Analysis via gas
chromatography-thermal conductivity detection indicated the generation of 1.85
equivalents of CO per 1 equivalent of the photoCORM. With CO generation confirmed,
irradiation of the nanocarrier at 980 nm led to the emission spectra seen in Figure 1.12,
where emission peaks at 470 nm and 450 nm were observed, furthermore CO release was
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also present when incorporated into myoglobin assays. The nanocarriers were also shown
to remain stable in the dark for at least 12 hours. The nanocarriers also indicated leaching
of the Mn complex from the polymer were below 0.7% indicating a strong retention of
the photoCORM in the matrix. This unique system has yet to be tested for its cytotoxic
effects.
While there have been numerous studies developing efficient PhotoCORMs, little
attention has been paid to the fate of the manganese complexes after the release of CO.
From a ligand design perspective, it would be useful to know the fate of the complexes to
help improve performance or, possibly, to mitigate any potential harmful biological
effects. Most studies have revealed that different numbers of CO ligands (from one to
three) could be removed under different conditions but the identity of products is
generally either unreported or is hypothesized. Most of the latter propose that a species
of the type [LMn(solvent)3]+ is formed.21 Unsurprisingly, these species have not been
authenticated; it is highly unlikely that the Mn(I) oxidation state would be stabilized
without carbonyl ligands. The fate of the photo-decarbonylation reactions of
tricarbonylmanganese(I) complexes of scorpionate and related ligands has been briefly
investigated in previous work from our group, but more extensively in studies by the
Schatzschneider and the Kurz research groups.
In 2009, Chengeto Gwengo from the Gardinier group reported the on some
reaction chemistry of tricarbonylmanganese(I) complexes of a pentadentate ligand,
,,’,’-tetra(pyrazol-1-yl)-2,6-lutidine, pz4lut, (Figure 1.13) and related pyrazolyl
ring-substituted derivatives.22 High yields of fac-[(3-pz4lut)Mn(CO)3](X = BF4, PF6,
OTf) were prepared by the one-pot reaction between pz4lut, Mn(CO)5Br, and AgX in
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CH3CN. The ligand was bound to the metal via two pyrazolyl and one pyridine ring. A
subsequent reaction with trimethylamine-N-oxide (TMNO) to chemically induce
decarbonylation, gave cis-[(4-pz4lut)Mn(CO)2]X where a third pz group bound to the
site vacated by CO. Irradiation of either the tri- or di-carbonylmanganese(I) complex
with UV light quickly (< 30 min) produced brown

Figure 1.13: Preparation and Reaction Chemistry of manganese complexes of pz 4lut.22

highly insoluble solids (presumably, of manganese metal and/or manganese oxides) and a
variety of manganese(II) products depending on solvent, air exposure, and counter anion,
as summarized in the bottom of Figure 1.13 (all were structurally authenticated by single
crystal X-ray diffraction). Many of these were also independently prepared by reactions
with ligand, manganese(II) salts, and the appropriate ionic compounds. No
monocarbonylmanganese(I) species were ever observed. The resulting manganese(II)
species from photoirradiation likely arose from disproportionation of
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[(pz4lut)Mn(solvent)]+ to half equivalent each of Mn0 and [(pz4lut)Mn(solvent)]2+
followed by oxidation of Mn0 in air (and anion hydrolysis, in the case of PF6). However,
direct 1e- oxidation of a putative [(pz4lut)Mn(solvent)]+ intermediate by various species
such as O2, H2O, CO2, from air and subsequent deleterious reactions to produce
manganese oxides was not excluded.
In 2014, the Schatzcheneider group further investigated the CO release from the
tripodal tetradentate tris(2-pyridylmethyl)amine (tpa) ligand (Figure 1.14, bottom).23
The fac-[(3-tpa)Mn(CO)3)](PF6) complex was prepared and fully characterized by X-ray
diffraction. The structure showed the ligand binds via the central amino nitrogen and two
pyridyl groups. The PhotoCORM remained stable under the exclusion of light for 16
hours in a myoglobin assay. Upon irradiation at 365 nm, it was shown to release all three
of its CO groups. However, the CORM was only shown to release two CO when it was
left in the myglobin assay for 1 hr, suggesting the release of the CO may be attributed to
another mechanism; presumably inhibited by the dithionite present in the assay. This
result then hurts the reliability of this assay as an analytical method for quantifying CO
release. Regardless, an intermediate Mn-CO species was observed with a CO stretching
frequency, at 1844 cm-1, all other potential CO stretching bands were masked by signals
for starting complex. Theoretical (DFT) calculations were more in line with an initial
structure with a 3-ligand with water occupying the final metal binding site (Figure
1.15B’) rather than a [(4-tpa)Mn(CO)2]+ species (Figure 1.15C), but the low
experimental signal-to-noise and overlapping bands prevented definitive assignment.
Justification for the former structure was that solvent molecules were shown to
coordinate to the metal more quickly due to the reorganization needed for the 2-
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pyridylmethyl group to bind into place. Ultimately, the pyridyl arm would replace the
water giving the 4-ligand (Figure 1.15D). Based on the observed intermediate and the
difference in CO’s released depending on incubation time, it was suggested that the
release of CO is a step-by-step process, but none of the intermediates were further
characterized.

Figure 1.14: Mechanism of pendent arm binding to the metal center.23

Figure 1.15: Structure of the cationic unit of parent A and iCORM intermediates B-D optimized with BP86
after subsequent removal of carbonyl ligands and replacement with solvent water or pendent 2-pyridylmethyl arm.23

17

In two manuscripts,24,21 the Kurz group reported detailed studies on the photoand electro-decarbonylation reactions involving tricarbonylmanganese(I) scorpionates
and their allied derivatives depicted in Figure 1.16. That is, the photodecarbonylations
were monitored

Figure 1.16: Structure of three tricarbonylmanganese(I) complexes studied by the Kurz group.24

spectroscopically (IR, UV-Vis (including myoglobin assays), and EPR) and by
electrochemical techniques (spectroelectrochemistry, CV, LSV), and in certain cases by
X-ray crystallography to identify intermediates and products. 21 These researchers used a
handheld UV-lamp (=365 nm) and quartz cuvettes for irradiation of
[(Tpm)Mn(CO)3](PF6), A, or (bpzaa)Mn(CO)3, B, under identical concentration,
temperature, and solvent- either strictly aqueous, aqueous:dmso mixtures, CH 3CN,
absolute EtOH, or 9:1 EtOH:H2O mixtures. In 9:1 EtOH:H2O, the decarbonylation of
molecular B went to completion faster than ionic A (45 vs 90 min). Myoglobin assay
indicated that 2.4 and 2.5 equivalents of CO were released from A and B, respectively.
The result for A was in contrast to 1.96 equivalents measured by the same method a few
years earlier,12 underscoring the large errors associated with this assay in kinetic
investigations. Thus, photoirradiation leads to a release of between 2 or 3 CO’s. IR
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spectroscopy of irradiated solutions showed bands for tricarbonylmanganese(I) at (sharp
band at 2050 and split band near 1960) decrease in intensity while a set of weak bands for
a dicarbonylmanganese(I) species near 1930 (partly overlapping the Mn(CO) 3 bands) and
1875 (from A) or 1850 (from B) cm-1. Also, the expected weak band for free CO (at 2140
cm-1) was not observed. Upon extended irradiation time (~30 min), all bands for CO
stretches disappear. Examination of irradiated solutions as a function of time by X-Band
EPR spectroscopy show characteristic six-line signals for Mn II (I = 5/2) are found. No
characteristic signals could be found for Mn III (S = 1 or 2 , by using parallel mode) or for
dinuclear Mn2II,II MnII,III or Mn2III,IV species. Thus, irradiation of solutions of A or B gives
rise to complete disappearance of CO stretches, a maximum in Mn II signal intensity by
EPR spectroscopy, and disappearance of MLCT bands for Mn-CO units to give a red
solution free from precipitate of manganese oxides. The UV-vis spectrum of the resulting
red solution contained only broad weak featureless bands in the 350-650 nm range, that
the authors attributed to a dimanganese(III) center with either oxide or hydroxide bridges,
but offered no further evidence for either.

Figure 1.17: Scheme describing reactions induced by UV- irradiation of [(L)Mn(CO)3]n+ (L = Tpm, n = 1;
L = bpzaa, n = 0).
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The authors summarized a proposed sequence of events as shown in Figure 1.17 where
irradiation causes loss of CO. Oxidation occurs concomitantly with the loss of the next
one or two CO’s to give [(Tpm)Mn(CO)3]2+ or [(bpzaa)Mn(CO)3]+. Subsequent reaction
with trace water or oxygen and oxidation leads to an EPR silent L 2Mn2III/III(-O) species.
A subsequent study that also included [(tpa)Mn(CO)3](PF6), C, probed these
events by electrochemical and IR spectroelectrochemcial means. The tricarbonyl
complexes A (Figure 1.18 left) and C (not shown) with neutral 3N- coordination gave
irreversible oxidation waves at +1.0 V versus Fc/Fc +, whereas that of the anionic bpzaa
ligand gave an irreversible wave at +0.75 V versus Fc/Fc +. IR spectroelectrochemistry
showed that when applied voltages are greater than 1 V, the carbonyl stretching bands
rapidly disappear (Figure 18, right, bottom two spectra). Irradiation of solutions of A-C,

Figure 1.18: Cyclic voltammograms of [(Tpm)Mn(CO)3](PF6), A, in CH3CN before (a) and after (b)
illumination with UV light (365 nm). Right: IR spectroelectrochemisty of irradiated solutions of A.
Voltage is reported versus Pt wire which is~ 0.7 V higher than Fc+/Fc. 24

gave characteristic IR stretches near 1870 cm-1 for dicarbonyl intermediates A’-C’. The
CV’s show a new irreversible band at ~ +0.1 V for A’ (Figure 1.18, center) or C’, but at
ca. -0.1 V versus Fc/Fc+ for B’. When the applied voltage is at or above +0.1 V vs
Fc/Fc+ but less than +1.0 V, only the bands for dicarbonylmanganese(I) species
disappear; those for tricarbonylmanganese complex remain. Thus, two important points
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were extracted from these experiments, i) decarbonylation destabilizes the Mn I oxidation
state (as expected but the degree to which this happens was revealed), and ii) that
oxidation can also promote CO release, which might open a new avenue for therapeutics.
Importantly, these researchers were also able to isolate and characterize some
products of photodecarbonylation that provided a little more detail to their earlier
proposition (Figure 1.17). They found that in air photodecarbonylation gave insoluble
brown solids tentatively assigned as manganese oxides (but for which no data were
acquired for authentication). However, soluble homoleptic manganese(II) complexes
were characterized by X-ray diffraction (Figure 1.19) and

Figure 1.19: Crystal structures of soluble products of photodecarbonylation reactions of A-C.

by spectroscopic techniques. The product of photodecarbonylation of A was
[Mn(Tpm)2](PF6)2 (Figure 1.19, left), that of B was [(bpzaa)MnII(-bpzaa)]2 (Figure
1.19, right). On the other hand that of C was a remarkable mixed valent bimetallic species
[(4-tpa)2Mn2III,IV(-O)2](PF6)3 (Figure 1.19, right). This species was also isolated
electrochemically by oxidation of C at +1.12 V vs Fc/Fc+ in 9:1 EtOH:H2O. Thus,
tricarbonylmanganese(I) complexes offer a simple synthetic entry into multimetallic
manganese complexes. Within the scope of the photodecarbonylation reactions, the order
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of events after initial CO oxidations (oxidation versus sequential CO release) and the
oxidants in air-free reactions remains unknown.
Statement of problem: As indicated earlier changing exogenous ligands on
tricarbonylmaganese(I) complexes may or may not lead to the changing number of CO
molecules released. When scorpionates have been employed, between two and three
CO’s are released where the uncertainty arises owing to the reliability issues of the assay
method. Some manganese products have been characterized but there are others that
have been proposed that have yet to be identified (-oxido or even heteroleptic species
[(Tpm)Mn(solvent)3]n+ where n = 1 or 2). There are a couple of other unanswered
questions regarding photoCORMs based on scorpionate ligands. Why aren’t all the CO’s
released or under what conditions are all released? If all were released, what would be the
nature of the resultant manganese complex? Could this be altered by ligand design?
Would it be possible to observe and or isolate any elusive di- or
monocarbonylmanganese(I) scorpionate or even multimetallic species?
Previous work conducted by the Gardinier group introduced of “nitrogenconfused” C-scorpionates, Figure 1.20. Unlike the Tpm ligand (Figure 1.20, right), one
of the pyrazolyl groups bound to methine is attached via a carbon rather than a nitrogen
(Figure 1.20, left).25 This allows the easy of functionalization by allowing a change in
structure through the use of nitrogen protection and deprotection reactions. With this
scaffold it is easy to modify the structure of the pyrazoles directly bound to the metal to
see whether they play a role in effecting the rates or thermodynamic outcome of their
reactions.
Preliminary work conducted by Kristin Meise on [fac-(3-xL)Mn(CO)3](PF6),
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demonstrated that varying the ligand’s N-1substituent on had minimal impact on Mn-CO
bond lengths or CO stretching frequencies. Bulkier ligand variants where the parent
‘normal’ pyrazolyl rings were replaced with 3,5-dimethyl or diisopropylpyrazolyls have
since been prepared.25 The Mn(CO)3+ complexes were made of the former but not the
latter ligands,25 however the CO releasing properties were not studied.

Figure 1.20: Structure of Confused pyrazolyl scorpionate (left) and Tpm

This thesis describes an elaboration of the studies initiated by Kristen Meise. In
particular, the new confused C-scorpionate PhL* with an N-phenyl and two 3,5dimethylpyrazolyl (pz*) groups (Figure 1.21a) was prepared as a bulky ligand to try and
stabilize intermediates. Next, a dinucleating analogue, m-C6H4(pz3-CHpz*2)2 (or pz6L* for
short, Figure 1.21b) was prepared with hopes that bimetallic intermediates [(pz6L*)Mn2LmXn]q+. (L = charge neutral ligand, X = charged ligand] similar to that
proposed by Kurz could be isolated. Precious group members described the preparation
of two tetradentate scorpionates, L1 and L2 (Figure 1.21c) based on appending a picolyl
arm to N-confused scorpionate manifolds but these researchers did not investigate the
manganese complexes. Thus, investigation into the Mn(CO) 3+ complexes offers an
opportunity to examine the effects of pyrazolyl substitution or denticity on the outcome
of decarbonylation reactions.
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Figure 1.21: New bulky tridentate (a) dinucleating (b) and tetradentate (c) ligands explored in this thesis.

In this work the structures, electronic properties, and the outcomes of
photochemical CO releasing reactions of the Mn(CO)3 complexes were examined. Three
synthetic methods for the decarbonylation of Mn(CO) 3 were studied: oxygen atom
transfer, photoirradiation and thermal substitution. Of these three, oxygen atom transfer
using the decarbonylation agent Me3NO allowed isolation of dicarbonylmanganese(I)
complexes whose properties can be compared with those of intermediates obtained
during the course of photodecarbonylation.26 Also investigated were reactions of the
various ligands with manganese(II) trifluoromethanesulfonate (triflate). The
characterization of these latter complexes were useful for identifying products of
decarbonylations.
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CHAPTER 2: BIMETALLIC MANGANESE CARBONYL COMPLEXES
2.1 Introduction
Tricarbonylmanganese(I) complexes are attractive photo-CORM candidates
owing to their low cost and availability, biocompatibility, and fast photoinitiated CO
release. Among the multitude of Mn(CO)3 complexes studied for this purpose, those of
tris(pyrazolyl)methane (Tpm) and, to a lesser extent, its derivatives that are substituted at
the central methine position have been most scrutinized for their CO releasing
capabilities and cytotoxicity. A summary of the known steps in the photo-initiated CO
release of [(Tpm)M(CO)3]+, I, is provided in Scheme 2.1.

Scheme 2.1: Summary of reactions upon photointiated decarbonylation of [(Tpm)Mn(CO)3]+.24

Here, the outcome of photoreactions has been reported to depend on whether air
was present or excluded. In the absence of air, initial decarbonylation of I afforded an
unstable cis-dicarbonyl presumably of the type [(Tpm)Mn(CO)2(solvent)]+, II, that could
be spectroscopically identified but could not be isolated. Further irradiation gave a
species claimed to be [(Tpm)Mn(solvent)3]2+, IV, as a result of complete decarbonylation
and oxidation. The reduction products were not identified and IV was not characterized.
If IV could be isolated, it would be a useful starting material for further coordination
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chemistry, but such heteroleptic half-sandwich species tend to require bulky pyrazolyl
groups to prevent ligand redistribution reactions that lead to symmetric [M(Tpm) 2]2+ V
and [M(solvent)6]2+species.24 In aerated solutions as found in cellular media, complete
decarbonylation was rapid and a mixture of homoleptic [Mn(Tpm) 2]2+ V and unspecified
manganese oxides were reported. Furthermore, based solely on an orange solution color
after photoirradiation and EPR silent nature, a bimetallic (Tpm) 2MnIII2 -oxido species
VI was initially proposed but was neither characterized by NMR spectroscopic nor even
mass spectra data. In a subsequent study, a mixed valent bimetallic MnIII/MnIV -oxido
species was found after decarbonylation of a Mn(CO)3 complex with a tetradentate
tris(pyridylmethyl)amine supporting ligand but no similar bimetallic species was found
with the Tpm supporting ligand. There is interest in obtaining new examples of di- and
higher nuclearity Mn clusters for use in electron transfer reactions, catalysis, magnetic
and even self-assembled materials, so further investigation of such systems is warranted.

Figure 2.1: Possible trisolvento species formed from mononucleating and dinucleating ligands

As such, our initial targets focused on the tricarbonylmanganese complexes of a
pair of related mono- and dinucleating nitrogen confused C-scorpionate ligands,

Ph

L*and

pz6L* (Figure 2.1). Here, it was hoped that the substantial steric bulk of N-aryl and
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dimethylpyrazolyl groups would be sufficient to kinetically stabilize heteroleptic species
and reaction intermediates. Also, for the dinucleating derivative models of the metaarylene disposition of scorpionate fragments showed this geometry might be suitable for
cooperative binding to give Mn-(X)-Mn fragments (X = O, OH, etc).
2.2 Results and Discussion
A. Synthesis

Scheme 2.2: Synthesis of mono-nucleating and di-nucleating C-scorpionate ligands.

The mononucleating (PhL*) and dinucleating (pz6L*) C-scorpionate ligands were
prepared using similar methods, as outlined in Scheme 2.2. That is, the CuI-catalyzed
amination reaction between 3-(dimethoxycarbonyl)pyrazole, H(pz CH(OMe)2),27 and either
iodobenzene or 1,3-diiodobenzene gave precursors 2.1a or 2.1b. In the case of the
mononucleating, 2.1a, overnight reflux in dioxane led to good yield of 79%. For the
dinucleating ligand, 2.1b, the reaction (Scheme 1b, iv) required a 4 day reflux under
argon to attain yields greater than 88% and to ensure less than 5% of the mono-
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substituted derivative 1-I-C6H4-3-(pzCH(OMe)2) 2.1c, (based on starting diiodobenzene)
was present, thereby avoiding a tedious separation step. Reactions times of only 3 days
gave lower yield of 2.1b (65%) and higher yield of 2.1c (9%).
The hydrolysis of 2.1a or 2.1b to give the aldehyde 2.2a or dialdehyde 2.2b
proceeded smoothly, but purification by drying at 130 oC ensures removal of trace water
and greatly improves the yield of the final reaction in the sequence. That is, the
subsequent CoCl2-catalyzed Peterson rearrangement reaction28 between 2.2a or 2.2b and
an excess of O=S(pz*)2 (formed in situ) gave good yields of ligands 2.3a and 2.3b. The
use of O=C(pz*)2 instead of the sulfinyl derivative gave slightly better yield of 2.3b but
is less convenient due to an additional purification step required to obtain this reagent.
Purification of 2.3a is most efficiently achieved by column chromatography on SiO 2
previously deactivated with 1 vol% NEt3 in hexane. Without deactivation, the ligand
slowly decomposes on silica. Alternatively, the complex has limited solubility in hot
hexane, so it can be crystalized by cooling a boiling hexane solution. In fact, multiple
extractions of the initial product mixture with hot hexanes can afford a good yield of pure
product but this method is rather tedious and time consuming. The ligand 2.3b
crystallizes as a water solvate by slowly cooling a supersaturated boiling benzene
solution to room temperature under normal laboratory atmosphere. The solvate water is
readily removed by heating under vacuum 1 h.
A summary of the syntheses of various manganese complexes of the new
scorpionate ligands is shown in Scheme 2.3 and Scheme 2.4. The one-pot reaction
between 2.3a and one equivalent each of Mn(CO) 5Br and TlOTf gave yellow
[(PhL*)Mn(CO)3](OTf) (2.4). A subsequent reaction between 2.4 and one equivalent of
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anhydrous trimethylamine-N-oxide (TMNO) in CH3CN gave orange
[(PhL*)Mn(CO)2(OTf)] (2.5).
The anhydrous TMNO was crucial for the success of the reaction. Similar
reactions but performed with TMNO·2H2O, give mixtures mainly of 2.5 along with small

Scheme 2.3: Synthetic routes for 2.3a manganese complexes

amounts of various decomposition products including, [(TMNO)2H](OTf), free ligand,
and trace other unidentified species. The reaction between PhL*and Mn(OTf)2 in a 2:1
ratio gave high yields of the homoleptic complex [Mn( PhL*)2](OTf)2, (2.6)), as a colorless
paramagnetic (eff = 4.72 mB) solid. Similar reactions but using a 1:1 mole ratio, followed
by crystallization only provided 2.6. No [Mn(PhL*)(solvent)3](OTf)2 has yet been
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isolated, presumably thermodynamically driven by the relatively low solubility of the
homoleptic 2.6.
The reaction between pz6L*(2.3b) and two equivalents of Mn(CO)5Br in hot
toluene quickly produces high yields of [fac-Mn(CO)3]2(μ-L)}(Br)2 (2.7) as a light-

Scheme 2.4: Synthetic routes of pz6L* manganese complexes

sensitive, highly insoluble yellow solid. In order to obtain a more soluble derivative, the
trifluoromethanesulfonate salt, {[fac-Mn(CO)3]2(-pz6L*)}(OTf)2 (2.8), was prepared in
high yields by the one-pot reaction between 2.3b and two equivalents of each Mn(CO)5Br
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and TlOTf. Indeed, 2.8 is soluble in most polar organic solvents like MeOH, DMSO,
DMF, CH3CN, acetone, or THF, and is appreciably soluble in halocarbons, but is
insoluble in Et2O or hydrocarbons. The decarbonylation reaction of yellow 2.8 with two
equivalents of anhydrous Me3NO in CH3CN or CH3CN:CH2Cl2 mixtures readily gives
orange-red [fac-Mn(CO)2(CH3CN)]2(pz6L*)}(OTf)2 (2.9) as a main product, along with
minor amounts of other species (vide infra) that could be separated by washing with
benzene and crystallization. The use of less than two equivalents Me 3NO gave mixtures
of 2.8 and 2.9 (that co-crystallize) rather than giving an asymmetric pentacarbonyl
complex. Finally, the equimolar reaction between pz 6L* and Mn(OTf)2 gives colorless
paramagnetic needles of [Mn(pz6L*)]2(OTf)4 (2.10) as a colorless paramagnetic (eff =
7.76 mB) solid.
An attempted synthesis of the [Mn(CO)3(pz6L*)](OTf) (2.11) was investigated to
evaluate byproducts of generated during the syntheses of 2.9, using an equivalent amount
of the 2.3a and one equivalent of Mn(CO)5Br and Tl(OTf) in CH3CN under reflux which
led to a 2:1 mixture of 2.8 and 2.11 along with unreacted 2.3a (by 1H NMR analysis).
Subsequent reaction with one equivalent (based on initial 2.3a) of Me3NO with the crude
mixture led to inseparable, complex mixtures containing the various isomers of each 2.9
and presumably [(pz6L*)Mn(CO)2(CH3CN)](OTf) (2.12). It was possible to obtain a few
crystals of the mono-substituted derivative 2.12 for X-ray diffraction analysis, but it did
not prove possible to obtain bulk quantities.
B. Solid State
𝟏

The solid state structures of fac-2.4· (CH2)Cl2, trans-2.5, 2.6, fac-2.7, fac-2.8,
𝟐

trans-2.9, and 2.10·CH3CN·H2O and cis-2.12Et2OCH3CN have been determined by
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single crystal X-ray diffraction. The structures of the bis manganese structures fac-2.8,
2.9, and 2.10 are found in Figure 2.2. The structures of the dications in 2.7 and
2.8·CH3CN are nearly identical in both ligand binding mode (μ-fac-3N-, fac-3N-L) and
associated metrics of the fac-MnN3C3 cores. Two views of the structure of 2.8 are found
in Figure 2.2A and Figure 2.2B. In each 2.7 and 2.8, the two fac-Mn(CO)3+ centers are
disposed on opposite sides of the central phenylene ring of the ligand (Figure 2.2B).

Figure 2.2: (A) View of dication in fac-2.8 with hydrogens removed for clarity. (B) alternate view of fac2.8, (C) View of dication trans-2.9 with hydrogens removed for clarity. (D) View of 2.10 with methyl
groups and hydrogen omitted for clarity

Select bond distances and angles listed in Table 2.1 and Table 2.2. In each, the
Mn-N bonds of the ‘confused’ pyrazolyl are shorter (avg. Mn-N cf 2.059 Å in 2.7 and
2.058 Å in 2.8·CH3CN) than those associated with the dimethylpyrazolyls (avg. Mn-N pz*
2.082 Å in 2.7 and 2.077 Å in 2.8·CH3CN). This pattern is similar to that found in 2.4
(Mn-Ncf 2.056 Å ,avg. Mn-Npz* 2.082 Å and in the related complex of the parent
confused scorpionate, [(fac-3N-H(pz3-CHpz2)Mn(CO)3](OTf), C, (Mn-Ncf = 2.041 Å, avg.
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Mn-Npz = 2.059 Å).25 The overall longer Mn-N bonds of the current complexes (avg. MnNpz,all = 2.075 Å for 2.7 and 2.071 Å in 2.8·CH3CN) relative to the parent complex 2.4
(Mn-Nall = 2.073 Å) is readily understood on the basis the relative steric bulk of ligands.
The average M-C bond distance of 1.783 Å in 2.4, 1.809 Å in 2.7 and 1.810 Å in
2.8·CH3CN.
The structure of 2.9, Figure 2.2C, reveals the ligand binding mode remains intact
after CH3CN replaces the CO groups trans- to the confused pyrazolyl. In 2.9, the Mn-N
bonds of the confused pyrazolyls are shorter than the other Mn-N pz* bonds (avg. Mn-Ncf
= 2.025 Å vs avg. Mn- Npz* = 2.100 Å). This agrees with the parent 2.5 avg. Mn-Ncf =
2.044 Å vs avg. Mn- Npz* = 2.095 Å). Overall, the average Mn-N bond distance
associated with the scorpionate (2.075 Å) is statistically identical to that in 2.7 or
2.8·CH3CN. The average Mn-N distance for the bound acetonitrile nitrogens, Mn-N acn, in
2.9 is 1.973(1) Å which is similar to the parent 2.5 with distance of 1.974(17) Å.
Moreover, the average Mn-C distance in 2.9 and 2.5, is 1.781(5) Å and 1.788 Å, slightly
shorter than those found in the tricarbonyl derivatives, while the average C-O distance is
slightly longer 1.158(3) and 1.155 Å (versus 1.139 Å in 2.7 and 1.147 Å in 2.8 and 1.145
Å the parent 2.4). These latter distances reflect a slight increase of metal backbonding in
2.9 versus 2.8 due to the loss of the strong pi-accepting CO ligand that can no longer
compete for the metal’s electron density, a result that is also found in the spectroscopic
properties described later.
Finally, the structure of 2.10 present as the acetonitrile water solvate,
2.10·CH3CN·H2O, reveals a cyclic tetracation where two manganese(II) ions are bound
by two pz6L* ligands, Figure 2.2D. The Mn-N bonds in 2.10 (avg. Mn-Npz,all = 2.267 Å)
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are all much longer than those in the manganese(I) counterparts as might be expected for
metal centers with HS d5 versus LS d6 electron configurations (vide infra). Despite the
difference in pyrazolyl substitution pattern in 2.10 compared to traditional scorpionates,
the Mn-Npz,all distances compares favorably with Mn-Npz 2.297(9) Å in Jensen’s halfsandwich complex, [(Tpm*)Mn(CH3CN)3](BF4)2 or with Mn-Npz 2.270(2) Å.29 That is,
the population of eg* orbitals usually gives rise to longer bonds and more distorted
coordination octahedra. In the current case, the Mn-bonds of the confused pyrazolyls are
much longer than the dimethylpyrazolyls (avg. Mn-Ncf = 2.34 Å versus the avg. Mn-Npz*
= 2.23 Å). This falls similarly to the parent homoleptic species 2.6 (avg. Mn-Ncf = 2.382
Å versus the avg. Mn-Npz* = 2.231 Å).
Moreover, usually in bis- C-scorpionate complexes, the Cmethine···M···Cmethine
angle is 180o (or close to it). Deviations from this angle are one way scorpionates can
distort to bind larger metals. In the current case, the corresponding angles involving Mn1
and Mn2 are 166o and 168o, respectively. Another manifestation of ligand distortion in
scorpionates is quantified by pyrazolyl ring twisting (pz twist) that is measured as the
absolute value of the torsion angle M-N-X-E where M is the metal, X is N for normal
pyrazolyl or C for the confused pyrazolyl and E is the methine carbon in C-scorpionates
(or the boron center in a B-scorpionate). A pz twist value of 0 o represents an undistorted
ligand (with no twisting). The average pz twist for the tetracation in 2.10 is 10o whereas
it is only 7o, 5o, and 6o for the cations in 2.7-2.9, respectively.
2.4

2.5

Distances (Å)

2.6

Distances (Å)

Distances (Å)

Mn1-N2

2.056(3)

Mn1-N2

2.1032(15)

Mn1-N2

2.219(2)

Mn1-N4

2.082(3)

Mn1-N4

2.0858(15)

Mn1-N4

2.244(2)

Mn1-N6

2.081(3)

Mn1-N6

2.0443(14)

Mn1-N6

2.327(2)

Mn1-C21

1.805(4)

Mn1-N7

1.9739(17)

Mn1-N8

2.210(2)
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Mn1-C22

1.829(4)

Mn1-C21

1.787(2)

Mn1-N10

2.253(2)

Mn1-C3

1.794(4)

Mn1-C22

1.789(2)

Mn1-N12

2.4362(19)

O1-C21

1.152(5)

O1-C21

1.158(2)

O2-C22

1.136(5)

O2-C22

1.153(3)

O3-C23

1.148(5)

Angles (o)

Angles (o)

Angles (o)

N2-Mn1-N4

86.11(12)

N4-Mn1-N2

84.37(6)

N2-Mn1-N4

81.68(8)

N2-Mn1-N6

83.55(12)

N6-Mn1-N2

85.99(6)

N2-Mn1-N6

83.27(7)

N6-Mn1-N4

84.51(12)

N6-Mn1-N4

83.69(6)

N2-Mn1-N10

94.34(7)

C21-Mn1-N3

94.64(14)

N7-Mn1-N2

87.95(6)

N2-Mn1-N12

100.77(7)

C21-Mn1-N4

89.70(15)

N7-Mn1-N4

88.32(6)

N4-Mn1-N6

79.77(7)

C21-Mn1-N6

174.03(15)

N7-Mn1-N6

170.40(6)

N4-Mn1-N10

176.00(8)

C21-Mn1-C22

90.45(17)

C21-Mn1-N2

92.84(7)

N4-Mn1-N12

101.57(7)

C22-Mn1-N2

94.79(14)

C21-Mn1-N4

176.78(7)

N6-Mn1-N12

175.87(7)

C22-Mn1-N4

179.08(15)

C21-Mn1-N6

97.72(7)

N8-Mn1-N2

178.84(7)

C22-Mn1-N6

95.36(15)

C21-Mn1-N7

90.00(7)

N8-Mn1-N4

97.45(7)

C23-Mn1-N2

173.61(15)

C21-Mn1-C22

85.96(9)

N8-Mn1-N6

95.83(7)

C23-Mn1-N4

91.46(16)

C22-Mn1-N2

178.77(8)

N8-Mn1-N10

86.53(7)

C23-Mn1-N6

90.34(15)

C22-Mn1-N4

96.83(8)

N8-Mn-N12

80.14(7)

C23-Mn1-C21

91.25(17)

C22-Mn1-N6

94.42(7)

N10-Mn1-N6

99.49(7)

C23-Mn1-C22

87.63(18)

C22-Mn1-N7

91.79(8)

N10-Mn1-N12

79.45(7)

Table 2.1: Select Bond distances and angles of

2.7

Ph

L* Manganese Complexes
*

2.8

Distances (Å)
Mn1-N12

2.046(5)

Mn2-N42

2.072(5)

Mn1-N12

2.0588(17)

Mn2-N42

2.0568(17)

Mn1-N22

2.083(6)

Mn2-N52

2.077(6)

Mn1-N22

2.0897(17)

Mn2-N52

2.0819(18)

Mn1-N32

2.084(6)

Mn2-N62

2.085(5)

Mn1-N32

2.0631(18)

Mn2-N62

2.0737(18)

Mn1-C15

1.803(8)

Mn2-C45

1.810(7)

Mn1-C15

1.816(2)

Mn2-C45

1.803(2)

Mn1-C16

1.798(8)

Mn2-C46

1.801(7)

Mn1-C16

1.807(2)

Mn2-C46

1.804(2)

Mn1-C17

1.805(10)

Mn2-C47

1.802(7)

Mn1-C17

1.814(2)

Mn2-C47

1.815(2)

N12-Mn1-N22

83.2(2)

N42-Mn1-N52

83.4(2)

N12-Mn1-N22

83.10(7)

N42-Mn1-N52

83.61(7)

N12-Mn1-N32

84.8(2)

N42-Mn1-N62

83.0(2)

N12-Mn1-N32

83.73(7)

N42-Mn1-N62

84.76(7)

N22-Mn1-N32

84.7(2)

N52-Mn1-N62

86.5(2)

N22-Mn1-N32

86.66(7)

N52-Mn1-N62

85.73(7)

C15-Mn1-C16

87.7(3)

C45-Mn1-C46

88.1(3)

C15-Mn1-C16

89.87(9)

C45-Mn1-C46

90.08(9)

C15-Mn1-C17

86.7(4)

C45-Mn1-C47

90.1(3)

C15-Mn1-C17

87.67(9)

C45-Mn1-C47

89.85(9)

C16-Mn1-C17

88.4(4)

C46-Mn1-C47

89.6(3)

C16-Mn1-C17

88.82(9)

C46-Mn1-C47

86.96(10)

N12-Mn1-C15

175.3(3)

N42-Mn1-C45

172.1(3)

N12-Mn1-C15

172.52(8)

N42-Mn1-C45

172.39(8)

N22-Mn1-C16

177.1(4)

N52-Mn1-C46

179.5(3)

N22-Mn1-C16

178.34(8)

N52-Mn1-C46

178.93(9)

N32-Mn1-C17

178.3(4)

N62-Mn1-C47

177.8(3)

N32-Mn1-C17

179.73(9)

N62-Mn1-C47

179.39(9)

Angles (o)

2.9

2.10

Distances (Å)

Distances (Å)

Mn1-N12

2.033(3)

Mn2-N42

2.017(3)

Mn1-N12

2.384(4)

Mn2-N12a

2.372(4)

Mn1-N22

2.104(3)

Mn2-N52

2.079(3)

Mn1-N22

2.213(4)

Mn2-N22a

2.225(4)

Mn1-N32

2.105(3)

Mn2-N62

2.110(3)

Mn1-N32

2.235(4)

Mn2-N32a

2.235(4)

Mn1-N71

1.973(3)

Mn2-N81

1.972(3)

Mn1-N42a

2.297(4)

Mn2-N42

2.289(4)
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Mn1-C15

1.784(4)

Mn2-C45

1.782(4)

Mn1-N52a

2.266(4)

Mn2-N52

2.261(4)

Mn1-C16

1.776(4)

Mn2-C46

1.782(4)

Mn1-N62a

2.206(4)

Mn2-N62

2.221(4)

Angles (o)

Angles (o)

N12-Mn1-N22

83.21(10)

N42-Mn1-N52

84.03(10)

N12-Mn1-N22

83.36(14)

N12a-Mn1-N22a

83.51(15)

N12-Mn1-N32

85.86(11)

N42-Mn1-N62

83.45(11)

N12-Mn1-N32

81.70(14)

N12a-Mn1-N32a

81.03(16)

N22-Mn1-N32

84.74(11)

N52-Mn1-N62

86.07(12)

N22-Mn1-N32

85.93(15)

N22a-Mn1-N32a

86.21(16)

N71-Mn1-C15

87.57(11)

N81-Mn1-C45

86.76(12)

N42a-Mn1-N52a

84.50(16)

N42-Mn1-N52

84.76(15)

N71-Mn1-C16

87.81(11)

N81-Mn1-C46

88.67(13)

N42a-Mn1-N62a

78.11(15)

N42-Mn1-N62

77.35(15)

C15-Mn1-C16

85.09(16)

C45-Mn1-C46

86.93(18)

N52a-Mn1-N62a

84.14(15)

N52-Mn1-N62

84.95(16)

N12-Mn1-C71

169.25(11)

N42-Mn1-N81

168.25(11)

N12-Mn1-C52a

170.73(14)

N42-Mn1-N32a

170.41(16)

N22-Mn1-C15

177.99(13)

N52-Mn1-C45

179.09(15)

N22-Mn1-C62a

173.27(15)

N52-Mn1-N12a

169.34(16)

N32-Mn1-C16

176.70(13)

N62-Mn1-C46

178.72(14)

N32-Mn1-C42a

173.72(14)

N62-Mn1-N22a

174.41(16)

Table 2.2: Select Bond distances and bond angles of pz6L* manganese complexes.

C. IR Spectroscopy
Compound

νCO (cm-1)d

ref

2.4

2043, 1943, 1937

c

2.5

1952, 1865

c

2.7

2043, 1943

2.8

2044, 1950, 1939

2.9

1952, 1962

c

[( L*)Mn(CO)3]

2046, 1955, 1943

25

[(TsL*)Mn(CO)3]+,a

2046, 1957, 1942

25

2051, 1956

30

2044, 1949

30

2045, 1950

31

1960, 1877

31

H

+b

+,a

[(Tpm)Mn(CO)3]

[(Tpm*)Mn(CO)3]+,a
+,b

[(Tpm*)Mn(CO)3]

+,b

[(Tpm*)Mn(CO)2(CH3CN)]
a

c

OTf salt; bPF6 salt; cthis work; dCH2Cl2 unless noted; eCH3CN; n.r. = not reported

Table 2.3: Summary of IR stretching frequencies in this work and other related species

A summary of the IR data for C-O stretches in the current complexes and of
related species is given in Table 2.3. The IR spectra of the tricarbonylmanganese(I)
complexes of traditional scorpionates exhibit a sharp higher energy band and a broader
lower energy band corresponding to A1 and E stretching modes for these C3v symmetric
complexes. The relative electron density at the metal center can be deduced by using the
weighted average of the CO stretching frequencies, ῡ avg,CO = (νA1 + 2*νE)/3 cm-1. From
Table 2.3, ῡavg,CO = 1981 and 1988 cm-1 for [(Tpm*)Mn(CO)3](OTf) and

36

[(Tpm)Mn(CO)3](OTf), respectively. That is, the manganese C-scorpionate complex with
methyl substituted pyrazolyls is slightly more electron rich than that in the complex of the
parent ligand, as the lower average C-O stretching frequency indicates greater backbonding of the metal to the CO π* orbitals.
The lower point symmetry (nominally C s) of complexes with N-confused Cscorpionate derivatives often (but not always) splits the ‘E band’ into two resolvable
bands, giving three CO-stretching bands overall. If so, the simple average of the three
bands gives ῡavg,,CO. For 2.4, three bands are observed in CH2Cl2, giving ῡavg,,CO = 1980
which is similar to 1982 cm-1 for [(TsL*)Mn(CO)3](OTf) 25 or 1981 cm-1 for
[(HL*)Mn(CO)3](OTf)25 or [(Tpm*)Mn(CO)3]+.30,31
The values of ῡavg,,CO = 1976 and 1978 cm-1 for 2.7 and 2.8 showing that anion or
the proximity of two metal centers has little impact on CO stretching frequencies. Also,
similar to that found for normal scorpionates, the heterocyclic substituent bound nearest
to the metal center to (the N-1 position of the confused pyrazolyl) has a relatively minor
impact on the apparent electron density of manganese. A larger impact occurs on
replacing a strong π-accepting CO ligand with a weaker π- acceptor, acetonitrile. Thus,
the spectra of 2.5 exhibits two CO stretching bands with ῡavg,,CO = 1916 which is 64 cm-1
lower than that of 2.4; an expected finding since the extra electron density on the metal
from the missing CO can be redistributed to the remaining CO’s in 2.5. The value of
ῡavg,,CO for the related complex [(Tpm*)Mn(CO)2(CH3CN)](PF6) (ῡavg,,CO = 1919 cm-1,
CH2Cl2) 31 shows that the new C-scorpionate is slightly more electron donating that Tpm*
perhaps also potentially assisted by a small anation equilibrium where extent of anion
binding in the more nucleophilic triflate is greater than the hexafluorophosphate of the
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latter compound. Similarly, 2.9, has ῡavg,,CO = 1892 cm-1 which is 84 and 88 cm-1 lower
energy than that in 2.7 and 2.8, respectively. The ῡavg,,CO in 2.9 is 14 cm-1 lower than in
2.5, which might further support a small anation equilibrium in solution that becomes
more favorable with the more highly charged 2.9.
D. NMR Spectroscopy.
The 13C NMR spectra of the mononuclear 2.4 and dinuclear 2.8 are similar with
each having two resonances (222.00 and 220.64 ppm for the former and 221.52 and
220.90 for the latter) where the upfield signal is twice as intense as downfield signal. The
two sets of resonances arise due to the mirror symmetry presented by the confused
pyrazolyl group. We tentatively assign the downfield resonance to the CO’s trans- to the
pz* groups and the upfield resonance to be due to the CO trans- to the confused pyrazolyl
ring. Further support for this assignment may be extrapolated from the 13C NMR spectra
for Mn(CO)3+ complexes of Tpm and Tpm* that each give a single resonance for
carbonyl carbons at δC 220.5 and 221.3 ppm, respectively.25 It is noted that since the
55

Mn nucleus is quadrupolar (100% abundance, I = 5/2, Q o = 0.33 barns), a low

symmetry environment will lead to rapid relaxation rates and broadened (or even
unobservable) resonances. In this case, each of the dicarbonyl species 2.5 and 2.9 exists
as a mixture of isomers each with mirror or lower symmetry (vide infra), thus CO
resonances could not be observed in the 13C NMR spectrum despite numerous attempts
including changing temperature, relaxation delay32, (overnight) run time and the use of
shiftless relaxation agents.33
The 1H NMR spectra of the tricarbonylcomplexes 2.4, 2.7 and 2.8 give expected
sets of signals corresponding to fac-coordination of the ligand observed in the solid state.
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That is, the chemical shifts of most resonances in 2.4 are shifted downfield from those in
2.3a with the exceptions being that for the ‘confused’ 5-pyrazolyl hydrogen and that for
the ortho-phenyl hydrogen which are shifted upfield.
The 1H NMR spectrum of the monomaganese dicarbonyl complex, 2.5, is
complex owing to the presence of two isomers, a Cs -symmetric and an asymmetric (C1point group) one. Figure 2.3 shows a view of the two potential isomers and the
downfield region of the 1H NMR spectrum of 2.5 in CD3CN. The symmetric isomer has

Figure 2.3: Models of two isomers of 2.5 (2.5a left and 2.5b right) with a portion of the 1H NMR spectrum

acetonitrile bound trans- to the confused N-phenylpyrazolyl giving equivalent carbonyls
and equivalent dimethylpyrazolyl (pz*) groups. On the other hand, in the asymmetric
isomer, the two pz* and two CO groups are differentiated as one pz* group is bonded
trans- to the acetonitrile while the other is bonded trans- to a CO. Thus, the 1H NMR
spectrum consists of one set of resonances for phenyl and confused pyrazolyl ring
hydrogens but two singlet resonances for pz* H 4 hydrogens and four singlet resonances
for the CH3 hydrogens of the pz* groups. Moreover, statistically, the asymmetric isomer
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should be twice as abundant as the symmetric isomer, but relative integrations indicate
variable mixtures between equimolar (1:1) or favoring the symmetric isomer up to 1.5:1,
depending on the synthetic run. The deviation from statistical values is likely kinetic in
origin as DFT calculations (vide infra) indicate minute energy differences in energy. The
NMR spectrum of dinuclear 2.9 is even more complex, since three isomers are possible
(cis,cis-, trans,trans-, and cis,trans-).
E. UV VIS Spectroscopy
The electronic absorption spectra for both the di-nucleating and the
mononucleating complexes are listed in Table 2.4. UV Spectrum for the mononucleating
and dinucleating complex including the tricarbonyl, dicarbonyl, homoleptic and ligand
species are shown in Figure 2.5 and Figure 2.6. For the tricarbonyl species there is a
broad low-intensity a low-energy band near 350 nm that gives rise to the yellow color of
the complexes assigned with the MLCT. This is in similar agreement to other n-confused
scorpionate manganese tricarbonyl complexes, [Mn(CO)3( TsL*)](OTf) with bands at
359 nm ( < 2430 M-1cm-1) and[Mn(CO)3( HL*)](OTf) that displays bands at 347 nm (
< 2360 M-1cm-1), as well as the standard c-scorpionate tricarbonyl
complex[(Mn(CO)3Tpm]PF6 (259 nm ( < 2150 M-1cm-1).21,25 The next higher-energy,
higher-intensity band near λmax 250 nm that appears as a shoulder in Figure 2.4 and 2.5 is
due to n π-π* transitions involving the Mn(CO)3 fragments.
Compound

 (nm)

ε (M-1 cm-1)

2.4

220

17700

250

8200

350

1670

225

25700

2.6
2.8

256

22000

220

5600

40
250
2.9

2.10

18000

350

5700

223

45500

262

23000

335

5200

400

1000

229

26780

265

26300

Table 2.4: Electronic absorption spectral data for PhL* and pz6L* complexes in CH3CN

The most intense, highest energy band appearing near the solvent window 220 nm
due the ligand-based π-π* transitions based on the intensity and relative energy compared
to the free ligand and with the spectra of 2.3a and 2.3b (Figure 2.4 orange and Figure
2.5 red), which does not contain any carbonyl fragments. The lower effective local
symmetry about manganese in the dicarbonyl complexes causes splitting, broadening,
and concomitant bathochromic shift of bands compared to the spectra of the tricarbonyls
as seen Figure 2.4 grey with a broad higher energy band at 335 nm and the formation of
a lower energy MLCT band near 400 nm.
The dinucleating species with twice as many chromophores versus 2.4 gives rise
to greater absorption intensities but only minor changes in absorption wavelength. Molar
extinction coefficient of the MLCT band are slightly more than twice as high than those
reported for [Mn(CO)3(Tpm)](PF6) ( < 2080 M-1cm-1).6
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Figure 2.4: UV Vis Spectrum of PhL* complexes. 2.3a ligand is red and 2.4 is purple 2.6 is green.

69000
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600

Figure 2.5 UV Vis Spectrum of pz6L* manganese complexes. 2.3b ligand is orange, 2.8 is blue and grey
is the manganese dicarbonyl 2.9. The homoleptic species 2.10 is yellow.

F. Photolysis Studies
Initial photolysis studies using a blue LED light source were conducted on 5.6 *
10-5 M M solutions of 2.4 over a 20-minute period of time under aerobic conditions in a
quartz cuvette, until changes in electronic spectra were no longer observed. The parent
2.4 tricarbonyl complex indicated two broad bands at 220 nm and 262 nm as a well as a
broad low energy (ε ~ 1450 M-1cm-1) band at 360 nm. Upon irradiation, the broad band at
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220 nm decreases in intensity while a new band (ε ~ 6200 M -1cm-1) at 262 nm increases
(Figure 2.6). Furthermore, the MLCT band disappears during irradiation (due to the loss
of CO ligands). Photo-decarbonylation of the 2.4 is complete within 10 minutes. Samples
of the photo irradiated 2.4 complex, were filtered and recrystallized, which showed the
homoleptic complex 2.6 as the stable product.
The UV spectra of 2.8 shows similar decomposition to 2.4 as seen in Figure 2.8.
Prior to irradiation an intense broad band is observed at 212 nm and a low intensity (ε ~
5700 M-1cm-1) band associated with the MLCT can be observed at 355 nm. Upon
irradiation, there is a drop in intensity for the band at 212 nm. A new band at 255 nm (ε ~
24000 M-1cm-1) appears within 5 minutes, after which no further changes in intensity is
observed. The band at 261 nm also increases in intensity likely due to the presence of free
ligand and the homoleptic species as the manganese complexes start to decompose, but a
crystal structure was not obtained to confirm.

Absorbance, a.u

0.6
0.5
0.4
0.3
0.2
0.1
0
200

300
400
500
Wavelength (nm)

600

Figure 2.6: UV Vis Spectrum of photoirradiation of 2.4 over 20 minutes. 0 minutes (blue), 5 minutes
(orange), 10 minutes (green), 15 minutes (yellow), 20 minutes (light blue)

ε (M-1 cm-1)
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Figure 2.7: UV Vis Spectrum of 2.8 with irradiation of the blue light source. 0 minutes (blue), 5 minutes
(orange), 10 minutes (grey), 15 minutes (yellow), 20 minutes (light blue), 25 minutes (green), 30 minutes
(purple), 35 minutes (brown).

G. Cyclic Voltammetry
In order to better evaluate the electronic properties, the new manganese
complexes, their electrochemistry in CH3CN was investigated by cyclic voltammetry
(CV), see Figures 2.8 and 2.9 for representative voltammograms. Additionally, the CV
of a sample of 2.4 was measured before and after 30 minutes of exposure to a blue led
lamp.
Each monometallic complex displayed one oxidation wave and either one or two
reduction waves. For 2.4, the oxidation wave at 1.45 V vs. Ag/AgCl is (0.94 V vs.
Fc+/Fc) irreversible and is assigned the Mn+2/Mn1+ couple owing to the similarity with
[(Tpm)Mn(CO)3](PF6) (1.0 V vs. Fc+/Fc)25 and [(Tpm*)Mn(CO)3](PF6) (1.1 V vs.
Fc+/Fc).32 There are also two irreversible reduction waves at -1.46 V and -1.86 V vs.
Ag/AgCl tentatively assigned to the Mn+/Mn0 and PhL*/PhL*- couples. The oxidation
wave for the Mn+2/Mn+ couple in 2.5 (Figure 2.8, green) is observed at 0.58 V vs.
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2

1

0
-1
V vs. Ag/AgCl (V)

-2

-3

Figure 2.8: Cyclic voltammogram (scan rate 100 mV s-1) of PhL* manganese carbonyl species 2.4 (blue),
2.5 (green), 2.6 (yellow), after photoirradiation of 2.4 (orange).

Ag/AgCl (0.07 V vs. Fc+/Fc), far lower than what is seen in 2.4 but in line with
[(Tpm)Mn(CO)2(CH3CN)](PF6) (0.05 V vs. Fc+/Fc)25 and [(Tpm*)Mn(CO)2(CH3CN)](
PF6) (0.2 V vs. Fc+/Fc).32 The increased electron density at the Mn+ center likely arises
from the much weaker pi accepting CH3CN group that replaces the stronger pi accepting
CO group; the Mn(I) oxidation state is destabilized. Two irreversible reduction waves are
also shifted to more negative potentials ( -2.0 and -2.3 V vs. Ag/AgCl) compared to those
in 2.4.
Analysis of the 2.6 shows an oxidation wave at 1.03 V vs. Ag/AgCl (0.52 V vs
Fc+/Fc), assigned to Mn2+/Mn3+ couple, owing to the similarity to that reported for
[Mn(Tpm*)2](NO3)2 in CH3CN (0.85 V vs Fc+/Fc).34 An irreversible reduction wave is
found at -1.96 V vs. Ag/AgCl, attributed to the Mn2+/Mn1+ couple. Finally, the CV of the
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photoirradiated sample of 2.4 displayed similar qualities to that of 2.6 with an irreversible
oxidation wave near 1.1 V vs. Ag/AgCl. This is in line with the observation that 2.6 can
be crystallized from an electrolyte free sample of 2.4 after irradiation. However,
[(PhL*)Mn(CH3CN)3](OTf) may still exist in solution. Future positive ion electrospray
mass spectrometry experiments should be useful for identification the composition of
solution species.
Cyclic voltammograms of the dimanganese complexes 2.8 and 2.10 are displayed
in Figure 2.9. Reproducible data have not yet been obtained for compound 2.9. The
voltammogram for 2.10 is simpler than that for 2.8 so it is discussed first. The CV of
2.10 has irreversible oxidation wave at 0.95 V vs. Ag/AgCl and an irreversible reduction
wave at at -1.87 V vs. Ag/AgCl, like those waves found in the monometallic counterpart
2.6 described above. Given the presence of only one wave each, there is very little or no
electron communication between the metal centers, which are separated by 7.86 Å
according to the crystal structure. In 2.8, there are two irreversible oxidations at 1.30 V
and 1.52 V vs. Ag/AgCl, with a pattern reminiscent of waves from an ECE mechanism.
Sequential oxidations due to electronic coupling is unlikely since the two manganese
centers are separated by 8.36 Å (from X-ray diffraction data), which significantly longer
than that in 2.10 which did not show any coupling. For 2.8, there are also multiple
irreversible reduction events at -0.8, -1.6 V and -1.82 V vs. Ag/AgCl of uncertain origin
but likely arising due to Mn2+/Mn+, L/L- and redox couples associated with
electrochemically generated species from the ECE event.
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Figure 2.9: Cyclic voltammogram (scan rate 100 mV s-1) of pz6L*manganese carbonyl species. 2.8 (red)
and 2.10 (orange).

2.3 Conclusion
In this work we have been able to isolate fac-tricarbonylmanganese(I) complexes
of both the PhL* and pz6L* ligands. Moreover, chemical decarbonylation with TMNO
permits the isolation of cis-dicarbonylmanganese(I) complexes. The solid-state structure
of the dicarbonyls show acetonitrile bound to the metal, but this solvent molecule is
removable under vacuum presumably with coordination to triflate. As expected
decarbonylation leads to a destabilization of the low oxidation state species. This
destabilization is most notably displayed by a substantial negative shift in Mn 2+/Mn+
potential from 0.9 V in the the tricarbonyl derivatives to 0.0 V vs Fc +/Fc. The CO
stretching bands in the IR spectra of the dicarbonyl are less intense than the tricarbonyl,
and fortuitously (partially) overlap the E band of the tricarbonyl. Moreover, a
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broadening, loss of intensity, and red shift in MLCT band in the electronic spectra also
occurs on decarbonylation. The resulting complex is noticeably more light sensitive than
the tricarbonyl. From these observations, one could predict that a monocarbonyl, if it
forms, would be difficult to detect as the low intensity band may overlap those of the
dicarbonyl. More importantly, such a species should be exceedingly air sensitive with an
oxidation potential probably near -1 V vs Fc+/Fc, well below the reduction potential of O2
in CH3CN. Thus, future experiments aimed at characterizing such a species should be
done with strict exclusion of air. Finally, in each of the new cases the ultimate products
from irradiation with either white or blue LED light were insoluble brown solids and
soluble species with manganese(II) bis(scorpionate) cores, [Mn(PhL*)2](OTf)2 and
[Mn(pz6L*)]2(OTf)4. The soluble complexes were highly distorted owing to the
bulkiness of the groups, but the steric bulk is not quite sufficient to prevent
symmetrization of any potential heteroleptic species. Thus, future experiments that
incorporate even bulkier pyrazolyls such as 3,5-diisopropylpyrazolyls or 3-phenyl-5methylphenylpyrazolyl into these fragments may provide interesting new reactivity. It
would also be of interest to more fully characterize any insoluble solids by powder X-ray
diffraction and elemental analysis.
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CHAPTER 3: TETRADENTATE MANGANGESE CARBONYL COMPLEXES
3.1 Introduction
The coordination chemistry of tricarbonylmanganese(I) complexes shows
sustained interest because they readily release CO upon light irradiation. These CO
releasing molecules (CORMs) have potential medical applications as therapies for cancer
and other maladies. The facile preparation of these complexes and ease of CO release are
also attractive because they can serve as easy entry points to multimetallic manganese
coordination chemistry. For instance, recently the Kurtz group reported that the
photodecarbonylation ( = 365 nm, 90 min) of [(3-tpa)Mn(CO)3](PF6), I, (tpa = tris(2pyridylmethyl)amine) in air proceeded in multiple steps to ultimately give about 25%
yield of the mixed valent [(4-tpa)2Mn2III,IV(-O)2](PF6)3, V, Scheme 3.1. Complex I was
fully characterized including by X-ray diffraction. On the other hand, the

Scheme 3.1: Photodecarbonylation reactions of a Mn(CO)3 complex of a tetradentate ligand proposed by
the Kurz group.24
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cis-dicarbonyl intermediate species, II and III were not isolated. Instead, a combination
of IR-spectroelectrochemistry, UV-vis spectroscopy and DFT calculations were used for
their identification. Alternatively, extended electrochemical oxidation at +1.12 V vs
Fc+/Fc in aerated CH3CN (NBu4PF6 electrolyte, Pt gauze, 48 h), could be used to obtain
the dinuclear di--oxido bridged species V. The precise sequence of reactions to form
this species remained unknown but was suggested to occur through a mononuclear
disolventomanganese(II) complex IV (Figure 3.1, bottom right). Such a proposition
seems highly unlikely based on electrochemical potentials of the various manganese
complexes. Complex I exhibits an irreversible oxidation near +1.0 V versus Fc/Fc+
while complex III (or II) is substantially more electron rich with a Mn(II)/Mn(III) couple
at +0.1 V versus Fc+/Fc. However, neither of these is electron rich enough to reduce O 2;
the O2/O2- couple is ca. -0.5 V vs Fc/Fc+ in CH3CN. Moreover, manganese(II) is the
stable oxidation state of most tetradentate N4 complexes in aqueous or aerated organic
solutions. Additionally, the complex [(Tpm)Mn(CO) 3](PF6) is reported to have very
similar electrochemistry as I but no -oxido species has been substantiated yet. It is
unclear how the disparity in 4N- vs 3N- denticity limits between the tpa and Tpm
ligands leads to differences in oxygen cleaving reactivity.
Further inspiration for examining photodecarbonylation of Mn(CO) 3 complexes
of higher denticity ligands originates from findings by Chengeto Gwengo, a former PhD
student in the Gardinier group, who studied photodecarbonylation of a series of
complexes [(3-pzR4lut)Mn(CO)3]+ (X)- where pzR4lut are pentadentate N5 ligands
derived from ,,’,’-tetra(pyrazol-1yl)-2,6-lutidine and substituted pyrazolyl
analogues and X was either BF4, PF6, or OTf.22 As outlined in the Introduction chapter,
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a variety of different mononuclear and multimetallic manganese(II) complexes were
obtained after photoirradiation with UV light, whose fate depended on solvent, anion, and
atmospheric conditions. It is interesting that the electrochemistry of the starting [(3pzR4lut)Mn(CO)3]+ (X)-complexes was very similar to those of tridentate scorpionate, and
tetradentate tpa ligands, yet the fate of the reactions are ultimately different.
We wished to explore a systematic approach to determining the effects of ligand
denticity on the fate of photodecarbonylation reactions by using a set of very closely
related ligands. To this end, our group has recently synthesized two tetradentate N 4 Cscorpionate ligands L1 and L2 (Figure 3.1, left) that are derived by attaching a
pyridylmethyl “arm” to the N1 position of confused C-scorpionates with unsubstituted
pyrazolyl (pz) or 3,5-dimethylpyrazolyl (pz*) substituted ‘claws’. These ligands may be

Figure 3.1: Line drawings of ligands and a few possible binding modes to tricarbonylmanganese(I)

considered intermediates between tridentate confused scorpionates and pentadentate
pz4lut type ligands. In principle, numerous binding modes to metal centers would be
possible, and a few are shown for Mn(CO)3 complexes in Figure 3.1. Given the relation
of L1 or L2 to other scorpionates, one envisions the fac-3-mode with three bound
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pyrazolyls to be most likely. Careful examination of NMR spectroscopy and or X-ray
diffraction would be warranted to identify other 3-, 2- or even bridging -2,1isomers.
In this chapter we describe the syntheses, structures, and electronic properties of
tricarbonylmanganese(I) complexes of two tetradentate ligands L 1 and L2. The chemical
and photo-induced decarbonylation reactions are also described.
3.2 Results and Discussion.
A. Synthesis
The ligands L1 and L2 were prepared as described in the literature as summarized
in Scheme 3.1. Route 1 is the preferred route. Thus, heating a biphasic mixture of
H(pzCHpzR2) with commercial ClCH2py·HCl in a toluene/NaOH aq with NBu4Br

Scheme 3.2. Synthetic Routes to tetradentate scorpionate ligands
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as a phase transfer catalyst gives high yields of the ligands without need for
chromatographic separations. The other method (Route 2) is advantageous as it does not
require prior synthesis of Hpz(CHpzR)2, but is less ideal due formation of an formation
small amounts of an (undesired) isomer pyCH 2pz5-CH(OMe)2 and requires purification via
column chromatography.
The tricarbonylmanganese (I) complexes (top of Scheme 3.3) were made in a one
pot reaction using one equivalent of each Mn(CO) 5Br, TlOTf and either L1 or L2 in
refluxing acetonitrile under an argon atmosphere to give high yields of

Scheme 3.3: Synthesis of L1 and L2 Manganese Complexes
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[(L1)Mn(CO)3]OTf (3.1) or [(L2)Mn(CO)3]OTf (3.2) as yellow solids after filtration,
removing solvent, washing with benzene to remove trace ligand, and drying under
vacuum. The compounds 3.1 and 3.2 are air stable but light sensitive in both the solid and
solution; solutions are significantly more sensitive than the solids (vide infra). Samples
are best stored as solids in the dark. Spectroscopic and electrochemical measurements are
best made with freshly prepared solutions under an inert atmosphere, when possible.
As indicated in the middle of Scheme 3.2 the cis-dicarbonylmanganese(I)
complexes were prepared in good yield by the reaction between anhydrous TMNO and
an equimolar amount of either 3.1 or 3.2 over a period of 3 hours in CH3CN to give
[(L1)Mn(CO)2]OTf (3.3) or [(L2)Mn(CO)2]OTf (3.4) as red solids. The solid samples
appear air stable but are light sensitive and need to be stored in the dark, like the
tricarbonyl relatives. Aerated solutions of 3.3 or 3.4 in either CH3CN or chlorinated
solvents decompose slowly giving dark brown precipitates and faded solution color.
Thus, solutions for spectroscopic and electrochemical measurements are made
immediately prior to analyses.
Finally, since manganese(II) complexes are potential products of complete
decarbonylation, homoleptic complexes [Mn(L 1)2](OTf)2 (3.5) and [Mn(L2)2](OTf)2 (3.6)
were prepared by the direct reaction between commercial Mn(OTf)2 and two equivalents
of the appropriate ligand in CH3CN. Complexes 3.5 and 3.6 are colorless paramagnetic
(eff ca. 5.68 and 5.74 B, Evans method) solids that are air stable both in the solid and
solution. A heteroleptic complex [Mn(L1)(CH3CN)(H2O)](OTf)2 3.7 was synthesized by
using one equivalent of each L1 and Mn(OTf)2 in CH3CN followed by crystallization in
air.
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B. Solid State
Single crystals of 3.2, 3.3, 3.5, 3.6, and 3.7 suitable for X-ray diffraction were
obtained by layering of diethyl ether onto an 0.025 M acetonitrile solution of the
complexes and allowing the solvents to slowly diffuse. The solid-state structures of these
five complexes are shown in Figure 3.2 while bond distance and angles are given in
Tables 3.1 and 3.2.

Figure 3.2 Structures and atom labeling of the cations in (a) fac-3.2 (b) trans-3.3 indicating binding of
pyridyl arm to trans configuration, (c) major disorder component of 3.5 with added view down methine CH bond emphasizing trans- configuration and (d) 3.6 with added view down methine C-H bond
emphasizing trans- configuration. (e) 3.7.

3.2

3.3

Distances (Å)

Distances (Å)
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Mn1-N1

2.0579(12)

Mn1-N2

2.0294(18)

Mn1-N5

2.0669(13)

Mn1-N4

2.1145(18)

Mn1-N7

2.0825(13)

Mn1-N5

2.0041(19)

Mn1-C1

1.8162(16)

Mn1-N7

2.0777(18)

Mn1-C2

1.8106(16)

Mn1-C17

1.784(2)

Mn1-C3

1.8059(17)

Mn1-C18

1.790(2)

Angles (o)

Angles (o)

N1-Mn1-N5

82.87(5)

N2-Mn1-N4

83.39(7)

N1-Mn1-N7

84.45(5)

N2-Mn1-N7

168.65(7)

N5-Mn1-N7

85.69(5)

N5-Mn1-N2

84.58(7)

C1-Mn1-N1

97.42(6)

N5-Mn1-N4

82.03(7)

C1-Mn1-N5

94.40(6)

N5-Mn1-N7

85.35(7)

C1-Mn1-N7

178.12(6)

N7-Mn1-N4

90.05(7)

C2-Mn1-N1

92.68(6)

C17-Mn1-N2

90.11(9)

C2-Mn1-N5

175.46(6)

C17-Mn1-N4

173.50(8)

C2-Mn1-N7

92.97(6)

C17-Mn1-N5

97.41(9)

C2-Mn1-C1

87.07(7)

C17-Mn1-N7

96.37(9)

C3-Mn1-N1

174.07(6)

C17-Mn1-C18

85.62(10)

C3-Mn1-N5

92.84(6)

C18-Mn1-N2

91.73(9)

C3-Mn1-N7

91.17(6)

C18-Mn1-N4

94.53(9)

C3-Mn1-C1

86.95(7)

C18-Mn1-N5

175.21(9)

C3-Mn1-C2

91.53(7)

C18-Mn1-N7

98.03(9)

Table 3.1: Select bond lengths (Å) and bond angles (deg) in manganese(I) complexes 3.2 and 3.3.

The structure of the 3.2, shows the ligand is bound to manganese in a 3- manner
via the three pyrazolyl groups; the pyridyl ring is not metal bound (Figure 3.2a). The
Mn-N bond distance associated with the confused pyrazolyl (Mn1-N1 = 2.0579 Å) is
shorter than those of the pz* groups (Mn1-N5 2.067, Mn1-N7 2.0825 Å). The average
Mn-Npz distance of 2.068 Å is in-line with that in the C-scorpionate complexes 2.4 (2.071
Å), 2.8 (2.075 Å), or in the B-scorpionate (Tp*)Mn(CO)3 (2.073 Å).34 Similarly, the MnC bond distance (1.806(2) Å) of the CO trans- to the confused pyrazolyl his slightly
shorter than those of the other two carbonyls (Mn1-C1 1.816(2), Mn1-C2 1.810(2) A).
The average Mn-C distance in 3.3 of 1.811(2) Å is comparable to that found in 2.4 (1.783
Å), 2.8 (1.810 Å).
As shown in Figure 3.2b, the structure of 3.3, has a tetradentate (4-) ligand and
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cis- carbonyls. One carbonyl is trans- to a normal pyrazolyl while the other is trans- to
the confused pyrazolyl. The confused pyrazolyl Mn-N bond (Mn-N5 2.004 A) is shorter
than that of the other pyrazolyls (Mn-N2 2.029 Å, Mn-N4 2.115 Å) and that associated
with the pyridyl (Mn-N7 2.078(2) Å). The average Mn-Npyrazolyl distance of 2.049 Å in
3.3 is in between those found for other C-scorpionate manganese(I) complexes with
unsubstituted pyrazolyl rings such as [(Tpm)Mn(CO) 3](PF6) (avg. Mn-N 2.033 Å),24
3.5

3.6

3.7

Photolyzed

Distances (Å)

Distances (Å)

Distances (Å)

Distances (Å)

Mn1-N21

2.2271(18)

Mn1-N11

2.2613(10)

Mn1-O7

2.153(4)

Mn1-N2

2.2227(16)

Mn1-N2

2.2271(18)

Mn1-N1

2.2613(10)

Mn1-N2

2.334(5)

Mn1-N4

2.2524(17)

Mn1-N4

2.2638(19)

Mn1-N41

2.2395(10)

Mn1-N4

2.267(5)

Mn1-N6

2.2888(17)

Mn1-N41

2.2638(19)

Mn1-N4

2.2395(10)

Mn1-N6

2.182(5)

Mn1-N9

2.2696(18)

Mn1-N51

2.2712(18)

Mn1-N6

2.2300(10)

Mn1-N7

2.298(5)

Mn1-N11

2.2236(16)

Mn1-N5

2.2712(18)

Mn1-N61

2.2300(10)

Mn1-N8

2.204(6)

Mn1-N13

2.2614(16)

o

Angles (o)

Angles ( )

Angles (o)

Angles (o)

N21-Mn1-N2

180.0

N1-Mn1-N11

180.0

O7-Mn1-N2

173.12(18)

N2-Mn1-N4

84.50(6)

N2-Mn1-N4

82.57(7)

N4-Mn1-N1

81.97(4)

O7-Mn1-N4

92.34(18)

N2-Mn1-N6

80.61(6)

N21-Mn1-N4

97.43(7)

N41-Mn1-N11

81.97(4)

O7-Mn1-N6

98.89(18)

N2-Mn1-N9

94.26(6)

N2-Mn1-N41

97.43(7)

N4-Mn1-N11

98.03(4)

O7-Mn1-N7

87.95(18)

N2-Mn1N11

178.21(6)

1

1

82.57(7)

N4 -Mn1-N1

98.03(4)

O7-Mn1-N8

87.9(2)

N2-Mn1-N13

98.80(6)

N21-Mn1-N51

81.71(7)

N41-Mn1-N4

180.0

N4-Mn1-N2

80.86(18)

N4-Mn1-N6

81.72(6)

N2-Mn1-N51

98.29(7)

N61-Mn1-N1

98.21(4)

N4-Mn1-N7

161.54(19)

N4-Mn1-N9

94.47(6)

N21-Mn1-N5

98.29(7)

N61-Mn1-N11

81.79(4)

N6-Mn1-N2

79.05(18)

N4-Mn1-N13

175.62(6)

N2-Mn1-N5

81.71(7)

N6-Mn1-N11

98.21(4)

N6-Mn1-N4

80.33(18)

N9-Mn1-N6

173.85(6)

N4 -Mn1-N4

180.0

N6-Mn1-N1

81.79(4)

N6-Mn1-N7

81.39(19)

N11-Mn1-N4

96.12(6)

N41-Mn1-N5

98.59(7)

N6-Mn1-N4

82.53(4)

N6-Mn1-N8

173.0(2)

N11-Mn1-N6

101.14(6)
84.01(6)

N2 -Mn1-N4

1

1

N4 -Mn1-N5

1

1

1

1

81.41(7)

N6 -Mn1-N4

82.53(4)

N7-Mn1-N2

98.18(18)

N11-Mn1-N9

N4-Mn1-N5

81.41(7)

N6-Mn1-N41

97.47(4)

N8-Mn1-N2

94.38(19)

N11-Mn1-N13 80.50(6)

N4-Mn1-N51

98.59(7)

N61-Mn1-N6

97.47(4)

N8-Mn1-N4

101.01(19)

N13-Mn1-N6

101.60(6)

180.00(4)

N8-Mn1-N7

97.4(2)

N13-Mn1-N9

82.46(6)

1

N5 -Mn1-N5

180.0

1

N6 -Mn1-N6

Table 3.2 Bond lengths (Å) and bond angles (deg) in manganese(II) complexes 3.5, 3.6 and 3.7

[(κ4-pz4lut)Mn(CO)2](PF6)•CH2Cl2, (avg. Mn-Npz 2.033 Å),22 and [(HL)Mn(CO)3](OTf)
(avg. Mn-Npz 2.052 Å),25 and [(TsL)Mn(CO)3](OTf) (avg. Mn-Npz 2.085 Å).25 The
average Mn-C distance in 3.3 of 1.787 Å is comparable to that in [(κ4pz4lut)Mn(CO)2](PF6)•CH2Cl2, (avg. Mn-C 1.781 Å)22 which is slightly shorter than
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those of tricarbonylmanganese(I) variants such as [(κ 3-pz4lut)Mn(CO)3](BF4)•CH2Cl2,
(avg. Mn-C 1.825 Å),22 or 3.2 and other C-scorpionates mentioned above with the
exception of 2.4 (1.783 Å).
The structures of the homoleptic complexes, [Mn(L1)2](OTf)2, 3.5, and
[Mn(L2)2](OTf)2, 3.6 are quite similar (Figures 3.2c and 3.2d) in that they both possess
two 3-ligands where the ligands bind manganese(II) via the pyrazolyls and the pyridyl
remains unbound. In the case of 3.5, the pyridyl ring is disordered over two positions
(not shown). Within each complex, the confused pyrazolyl ring on each ligand is
disposed in a trans- manner about the metal’s coordination sphere. The average Mn-N pz
bond distance is 2.254 Å in 3.5 and 2.2436 Å in 3.6, which is comparable to other
homoleptic manganese(II) scorpionates such as [Mn(Tpm)2](PF6)2 (avg Mn-N = 2.233(1)
Å)24or MnTp*2 (avg Mn-N 2.270(2) Å)24 or 2.6 (avg Mn-N 2.250 A). All of these are
much longer than the average Mn-Npz distances in the Mn(I) counterparts described
above (2.069 Å) as might be expected for HS d5 versus the LS d6 electron configurations.
The structure of the heteroleptic complex [Mn(L1)(CH3CN)(H2O)](OTf)2 3.7
(Figure 3.2e) shows a 4-scorpionate ligand with cis- bound water and acetonitrile
ligands. The acetonitrile is bound trans- to the confused pyrazolyl while the water is
trans- to a pz* group. The average Mn-N bond distance of the three pyrazolyls (2.268 Å)
is like that in 3.6 above. The confused pyrazolyl has the shorter bond distance (Mn-N pz*
2.182 Å) than those associated with the pz* groups (avg Mn-Npz* 2.311 Å). The MnNpyridyl distance of 2.298 Å is significantly longer than that in the (4-L2)manganese(I)
species 3.3 (2.078(2) Å), as expected.
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C. IR Spectroscopy
A summary of the C-O stretching frequencies in the current complexes and in
some pzR4lut derivatives is given in Table 3.3. As illustrated for 3.2 in Figure 3.3 (see
blue spectrum), the spectrum consists of a sharp band at 2039 cm -1 and broad overlapping
bands at 1932 and 1947 cm-1, thereby revealing the fac-Mn(CO)3 coordination geometry.
The spectrum of 3.1 is similar (Table 3.1) but has slightly higher energy of CO stretches
(average 1977 vs 1973 cm-1) than 3.2. The inductive effects from methylpyrazolyl
substituents makes 3.2 slightly more electron rich than the 3.1; the increase in pi back
bonding of the metal to CO * orbitals weakening the C-O stretching bond. A similar but
more pronounced effect was observed previously for [(pz4lut)Mn(CO)3](PF6) (avg CO =
1988 cm-1) and [(pz*4lut)Mn(CO)3](PF6) (avg CO = 1974 cm-1).22 The coordination of three
pyrazolyls in the current ligands versus two pyrazolyls and a pyridine in 3-pzR4lut
derivatives accounts for subtle differences in average CO stretching frequencies and
provides an indication of the similarity in donating abilities of these heterocycles to
manganese(I).22The IR spectra of the cis-dicarbonyl species show two equally intense
sharp bands around 1950 and 1855 cm-1 (see the orange spectrum of 3.4 in Figure 3.3),
Compound

νCO (cm-1)

3.1

2049, 1953, 1929

3.2

2039, 1947, 1932

[(pz4lut)Mn(CO)3](PF6)

2050, 1965, 1948

[(pz*4lut)Mn(CO)3](PF6)

2042, 1952, 1928

3.3

1947, 1858

3.4

1937, 1851

[(pz4lut)Mn(CO)2](PF6)

1952, 1867

[(pz*4lut)Mn(CO)2](PF6)

1948, 1863

Table 3.3: CO stretching frequencies, cm-1, from solid state IR spectra.

59

2100

2050

2000

1950

-1

1900

1850

1800

Figure 3.3: Comparison of the solid-state IR spectra of fac-tricarbonyl 3.2 and cis- dicarbonyl 3.4.

verifying the cis- disposition of carbonyls observed in the solid state since only one band
might be expected for trans- carbonyls. Examination of the average CO frequencies again
shows that the complex with L2 (3.4 has avg CO = 1984 cm-1) is more electron rich than
that with L1 (3.3 has avg CO = 1903 cm-1) owing to the electron releasing properties of
the methyl pyrazolyl substituents. Moreover, stretching frequencies of the dicarbonyls are
shifted to lower energy than the corresponding tricarbonylmanganese(I) complexes. The
replacement of the strong pi accepting CO ligand for a weak pi accepting pyridyl arm
allows greater backbonding to the remaining carbonyls. Again, the average CO stretching
frequencies of 3.3 and 3.4 are quite similar to those observed for [(pz4lut)Mn(CO)3](PF6)
(avg CO = 1910 cm-1) and [(pz*4lut)Mn(CO)3](PF6) (avg CO = 1906 cm-1), which might be
expected owing to the nearly identical set of 4N- donors.
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D. NMR Spectroscopy
The 1H NMR spectra of the new complexes are indicative that the observed solidstate structures (or calculated models, vide infra) are retained in solution. As an example,
an overlay of the NMR spectrum of each L2, 3.2, and 3.4 in CD3CN is given in Figure
3.4. The assignments of resonances for the free ligand hydrogens (bottom spectra
Figure 3.5) are straightforward based on characteristic chemical shifts, relative
integration, and coupling constants as previously reported. The H 6-pyridyl resonance
(Figure 3.4, letter a), the H4- pyrazolyl resonances for the ‘confused’ (Figure 3.4, letter

Figure 3.4 Overlay of downfield portion of the 1H NMR spectra of L2 (bottom), 3.2 (middle), and 3.4 (top)
in CD3CN with labeling diagram.

g) and pz* rings (Figure 3.4, letter h), and the methylene protons (Figure 3.4, letter e)
are readily identifiable and satisfactorily provide most of the structural information. The
binding of the ligand to the Mn(CO)3+ cation generally causes the expected downfield
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shift in all signals (middle spectra, Figure 3.4) . The resonances for pyrazolyl and their
methine and methylene substituent hydrogens exhibit large downfield shifts (| > 0.4
ppm) whereas the resonances for the pyridyl hydrogens exhibit only small (| < 0.2
ppm) downfield shifts with respect to the free ligand. Such behavior is consistent with
the observed 3- binding via the three pyrazolyls rather than with the pyridyl. The
spectrum of the dicarbonyl derivative, 3.4, has several features indicative of 4coordination. First, the H6- pyridyl resonance exhibits a large (| ~ 0.8 ppm) downfield
shift with respect to the tricarbonyl. The other pyridyl ring resonances also exhibit
significant downfield shifts, but not as extensive. Secondly, 4- coordination mode pz*
groups are inequivalent (see Figure 3.4b for reference) as one ring is proximal to a CO
group whereas the other is proximal to the pyridyl. As such, the NMR spectrum (top of
Figure 3.4) now consists of two singlet resonances for the H 4-ring hydrogens in a 1:1
relative integration (labeled ha and hb in Figure 3.4) and four resonances for pz* methyl
groups (not shown in Figure 3.4). Finally, binding of the pyridyl arm to Mn causes the
methylene protons to be locked into conformation giving rise to geminal coupling and to
a pair of second-order doublet resonances (labeled ea and eb in Figure 3.4).
The 13C NMR spectra of the tricarbonyls 3.1 and 3.2 shows weak downfield
resonances near H 221 ppm. There is only one observed CO resonance for 3.1 that
likely arises from unresolved overlapping signals due to similarities between the
confused and normal pyrazolyls. In the spectrum of 3.2, there are two barely resolved
resonances (221.38 and 221.12 ppm); the larger difference in pyrazolyl ring electronics
causes slightly larger chemical shift difference. Unfortunately, owing to the weak
intensity, the presence of two isomers, and the expected quadrupolar broadening (Q o =
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0.33 barns) due to low symmetry of the complexes, it was not possible to detect any CO
resonances of either dicarbonyl species, 3.3 or 3.4. Numerous attempts were made at
observing the CO resonances by employing different concentrations, acquisition times,
temperature ranges, delay times, or even after adding shiftless relaxation agents but all
were futile.
E. Cyclic Voltammetry
The electronic properties of the new manganese complexes were studied by cyclic
voltammetry in CH3CN (TBAH electrolyte) under nitrogen atmosphere. All
voltammograms were marked by irreversible oxidation and reduction processes like
reported for other manganese C-scorpionate complexes. Thus, the reported half-wave
potentials are not reliable enough to extract quantitative trends, so discussion will be
limited to qualitative features. The voltammograms for the various complexes are
provided in Figures 3.5 and 3.6. The tricarbonyl complexes each exhibit an irreversible
oxidation wave associated with the Mn2+/Mn1+ redox couple at +1.5 V vs. Ag/AgCl for
3.1 and +1.3 V vs. Ag/AgCl for 3.2 (bottom voltammogram in Figures 3.5 and 3.6,
respectively). For 3.1, there is an irreversible reduction wave at -1.6 V vs. Ag/AgCl while
for 3.2 there are two irreversible reduction waves at -1.6 and -1.9 V vs. Ag/AgCl. The
voltammograms for the dicarbonyl derivatives 3.3 and 3.4 (middle voltammograms in
Figure 3.5 and Figure 3.6, respectively) show an irreversible Mn I/MnII oxidation event
at 0.6 and 0.5 V vs. Ag/AgCl respectively, indicating a substantially more electron rich or
destabilized Mn(I) unit with respect to the parent tricarbonyls. The irreversible reduction
events were also more negative at -1.8 V vs. Ag/AgCl for 3.3 and -1.7 and -2.3 (this
latter, now quasi-reversible) vs. Ag/AgCl. It is noteworthy that there also weak
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Figure 3.5: Cyclic Voltammograms of 3.1 (red), 3.3 (blue) and 3.5 (green) in CH3CN at 100 mV/s using
0.1M NBu4PF6 as the electrolyte

waves present that match those found for the homoleptic derivatives 3.5 or 3.6. The
voltammograms for authentic samples of 3.5 and 3.6 (top of Figures 3.5 and 3.6,
respectively) have oxidation waves at +1.1 and +1.0 V vs. Ag/AgCl, respectively. Thus,
the electrochemical oxidation of the tri- and di-carbonyls likely gives small quantities of
the homoleptic species in solution. This behavior is similar to that reported for
[(Tpm)Mn(CO)3](PF6) where oxidation causes loss of all CO ligands, hence the
irreversible nature of oxidation events. The Kurz group did not study the
electrochemistry of the homoleptic complexes. However, the Schultz group had
previously found irreversible oxidation events in the 1.2-1.6 V vs. Ag/AgCl for
[Mn(Tpm*)2]2+.34
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Figure 3.6: Cyclic voltammograms of 3.2 (red), 3.4 (blue), and 3.6 (green) in CH3CN at 100 mV/s with
0.1M NBu4PF6.

F. UV-VIS Spectroscopy
The electronic absorption spectra for the various manganese complexes in CH 3CN
solution were acquired. The spectral data are collected in Table 3.4 while spectra are
shown in Figures 3.8 and 3.9. The tricarbonyl complexes 3.1 and 3.2 are yellow owing
to a MLCT band ( ~ 2100 - 2300 M-1cm-1) with max at 352 and 356 nm, respectively.
The UV spectrum in each 3.1 and 3.2 also shows two higher energy absorption bands
near 260 and 220 nm that are likely ligand-based n-* and -* transitions, like that
observed in other C-scorpionate complexes. The assignment to ligand-based transitions
also follows since the homoleptic manganese(II) complexes 3.5 and 3.6 and the free
ligands also exhibit these latter higher energy bands (but lack the low energy band above
300 nm). The dicarbonyl complexes 3.3 and 3.4 are red orange since the MLCT bands
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become more intense, more structured and broader than those in the tricarbonyls. That is
a new low intensity ( < 1200 M-1cm-1) low energy MLCT band appears near 450 nm

Compound
1

[(L )Mn(CO)3](OTf), 3.1

[(L1)Mn(CO)2](OTf), 3.3

[(L2)Mn(CO)3](OTf), 3.2

[(L2)Mn(CO)2](OTf), 3.4

[Mn(L1)2](OTf)2, 3.5

[Mn(L2)2](OTf)2, 3.6

 (nm)

ε (M-1 cm-1)

218

27153

256

10292

352

2135

218

19914

267

11745

340

4544

445

1200

221

30007

260

10176

356

2267

223

19069

254

7742

325

4980

425

894

206

23498

223

22498

262

5145

208

28386

223

26069

260

6392

Table 3.4: Electronic absorption spectral data for new complexes in CH3CN.

which is responsible for the red coloration. The lower energy of this transtion may be
expected since the dicarbonyl possesses a more electron rich, destabilized, manganese(I)
center as indicated from electrochemical measurements described later. There is also a
broad band (or overlapping set of bands) between 300 to 340 nm that are all attributed to
MLCT transitions ( ca. 5000 M-1cm-1), with new spectral bands likely arising, in part,
from Mn to pyridyl coordination. The ligand based transitions at higher energy are also
less intense than those in the tricarbonyl derivatives. Future TD-DFT studies on these
systems should provide better insight into the nature of these electronic transitions. In any
event, initial decarbonylation produces a species with broader (including lower energy)
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and overall more intense visible absorption bands, features that would promote increased

ε (M-1 cm-1)

photon absorption capabilities.
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Figure 3.7: UV-visible spectra of 3.1 (red dotted line), 3.3 (purple line), and 3.5 (grey dashes), Free L1
green line
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Figure 3.8: UV-visible spectra of 3.2 (blue dotted line), 3.4 (yellow line) and 3.6 (brown dashed line), Free
L2 (red line)
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G. Photolysis Studies
The photodecarbonylation reactions of the tricarbonylmanganese(I) complexes
were explored using different light sources and conditions. Two setups were explored,
one using a 660 W tungsten lamp white light source in either quartz cells or borosilicate
vials, or by using a 12 W blue LED lamp with samples in a quartz cuvette for quantitative
studies or borosilicate vials for qualitative studies. The former was useful for dilute
solutions (< 5.6 * 10-5 M) but not more concentrated solutions (<4.0 *10 -3 M). The latter
setup provided rapid photobleaching for all concentration ranges tested and produced
brown solids and colorless solutions. Figures 3.10 and 3.11 show overlays of the UVVisible spectrum obtained from filtered aliquots during the photoirradiation of 3.1 and
3.2 under a warm white light and 3.1 under a blue light using two different light sources.
Irradiation with a white light shows that the photobleaching of an 5.6 * 10 -5 M solution in
aerated CH3CN is complete (by the disappearance of the 355 nm MLCT band, as a seen
in Fig 3.10) over the period of 40 minutes. On completion the UV-visible spectrum is
similar to that of the homoleptic complex 3.5 but there is an additional weak broad band
in the 300 - 500 nm range of unknown origin, possibly due to MnO 2 nanoparticles.35–
42

Similar results were found with 3.2 (photobleaching is complete after 40 minutes and

UV spectra similar to 3.6).
It is noted that for solutions of higher concentration (>5.6*10 -3 M),
photoirradiation with the tungsten lamp takes considerably longer where the initial
yellow solution only starts to turn brown after a period of 30 minutes and was incomplete
even after 10 hours. The brown solution was filtered through a celite plug for the
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expected filtration of what was expected to be the MnO2 nanoparticles but still appeared
brown in color. The tungsten lamp is also notably hotter than the blue LED light, and

35000
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Figure 3.9: One hour photobleaching of 3.2 with a warm white light. 0 minutes (blue), 5 minutes (green),
10 minutes (red), 15 minutes (yellow), 20 minutes (purple), 30 minutes (orange), 40 minutes (black)
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Figure 3.10: Photobleaching of 3.1 in CH3CN over one hour using warm white light (incandescent 660 W
lamp). 0 minutes (blue), 5 minutes (orange), 10 minutes (grey), 15 minutes (yellow), 20 minutes (black), 30
minutes (green), 40 minutes (dark blue), 50 minutes (red)
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may also led to greater formation of the MnO2 nanoparticles. To avoid the factors
involving heat, studies were completed using a blue LED light source for 3.1.
Irradiation of 3.1 with a blue LED light source shows complete photobleaching in
under 30 minutes as seen in Figure 3.11. Again the solution UV-Vis spectrum appears
similar to the homoleptic manganese(II) complex 3.5 with an additional broad featureless
band in the 300-500 range. Irradiation also produces both brown and a white precipitates
of manganese oxides and presumably 3.5 or complex 3.7. Solutions filtered through celite
plug lead to the clear and colorless solution.

30000
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5000
0
200
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Figure 3.11: Irradiation of the 3.1 in CH3CN using blue LED light over 40 minutes. 0 minutes (blue), 5
minutes (orange), 10 minutes (grey), 15 minutes (yellow), 20 minutes (light blue), 25 minutes (green), 30
minutes (dark blue), 35 minutes (brown), 40 minutes (black). The spectrum of 3.5 is shown as a dotted red
line

After complete photolysis of 3.1, the CH3CN solution was filtered and carefully
layered over benzene to give a colorless mixture of crystals containing a majority of

70

homoleptic species 3.5 and a few crystals of [(L2)Mn(CH3CN)(H2O)](OTf), 3.7. While
the distribution may be affected by solubility equilibria since the homoleptic species is
notably less soluble than 3.7, the presence of this latter species, 3.7, indicates a reaction
pathway that is more complicated than simple disproportionation of an hypothetical
[(L2)MnI(solvent)3](OTf) intermediate which should yield ½ equivalent of each a Mn 0
and [MnII(L2)2](OTf)2. Thus, further investigations under different conditions (normal
atmosphere, anhydrous, and air-free conditions) are still needed to determine the nature
of the oxidizing agent, the identity of the insoluble solid, and origin of 3.7.
3.3 Conclusion
The tetradentate-N4 ligands, L1 and L2 have been found to bind
tricarbonylmanganese(I) in 3-manner via three pyrazolyls. It was possible to prepare
photosensitive dicarbonylmanganese(I) complexes with a 4-ligand coordination via
chemical decarbonylation with TMNO but it has not proven possible to identify any
monocarbonylmanganese(I) complexes. UV and electrochemical measurements of the
tri- and dicarbonyls show that loss of a CO destabilizes the Mn(I) state by about 0.8 V
and concomitantly lowers the energy of the MLCT band. A monocarbonylmanganese(I)
species is predicted to be exceedingly electron rich (E1/2 ~ -0.3 V vs Ag/AgCl by
extrapolation) and have absorption bands throughout the entire visible spectrum. So,
such a species would be exceedingly reactive and un-isolable under conditions of either
photo- or chemical decarbonylation using electroactive TMNO. The ultimate products of
either photo- or chemical decarbonylations with large excess of TMNO have been found
to be manganese(II) complexes and presumably manganese oxides. The k4-capacity and
bulkiness of L2 allowed the isolation of the heteroleptic 1:1 complex,
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[(L2)Mn(CH3CN)(H2O)](OTf)2, in addition to the homoleptic [Mn(L)2](OTf)2 complexes.
It remains unclear whether the these are formed by simple outer sphere electron transfer
to oxygen or trace water or whether the observed products are formed by
disproportionation of [(L)Mn(solvent)3]+ cations. Further investigations should examine
the use of strictly anhydrous anaerobic photodecarbonylations. Any [(L)Mn(solvent) 3]+
are expected to be powerful reductants that might be exploited for future chemistry.
Importantly, while multimanganese(II) complexes have been isolated with pz 4lut or tpa
supporting ligands, especially when PF6 is the counterion, no multimetallic
manganese(II) complexes of L1 or L2 have been isolated with triflate counterions. Future
investigations into the generation of polymetallic manganese(II) complexes via
photodecarbonylation of tircarbonylmanganese(I) precursors should more closely
examine the use of additives or PF6 counter ions.

72

CHAPTER 4: FUTURE WORK
The work presented in thesis has yielded some interesting topics for further
studies. While it was possible to isolate and characterize dicarbonylmanganese(I)
species, the monocarbonylmanganese(I) species eluded detection. The CO groups
stabilize the Mn(I) oxidation state by about 1 V for each CO present. Upon sequential
removal the species become more reactive. A fundamental question remains about the
type of ligands that could be added to stabilize a monocarbonyl. Could a system be
developed that would allow for regeneration of the carbonyl once CO is dispensed by
light? Can the formation of insoluble MnOx be prevented? Therefore, it might be of
interest to add co-ligands such as phosphines, carbenes, or isonitriles to stabilize
monocarbonyl species to gain a better understanding of the relatively high reactivity of
mono- or di- carbonylmanganese (I) complexes.
Beyond the initial goal of the study, expansion of some of the fundamental
chemistry of bimetallic complexes, 2.8 and 2.9 is attractive. It was found that addition of
the two equivalents of Me3NO that the main product had a single CO was released from
each of the manganese metal centers, rather than two from a single metal center, with the
both the vacant coordination sites being occupied by solvent. The juxtaposition of the
two cationic metal centers makes these attractive to study bimetallic cooperativity in
either substrate activation reactions (double activation of ketones in hydrosilylations or
other transformations), for anion binding, Figure 4.1 or self-assembly of
macromolecules. Moreover, the irreversible reduction chemistry would be of interest, is
a metal-metal bonded Mn20 species formed from two electron reduction? Could a one
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electron reduced species be detected? Further it was found that despite having
considerable steric bulk pz6L

Figure 4.1: Example of proposed synthetic route toward preparation of possible bridged manganese
complex.

ligand still allowed the formation of homoleptic complexes 2.8 and 2.9. Perhaps
changing the “normal” pyrazolyl substituents with sterically bulkier groups like such
isopropyl or aryls can modify reactivity, preventing formation of the homoleptic species
and facilitating these future new directions. Furthermore, while the dinucleating ligand
was primarily used to study the properties of homobimetallic dimanganese complexes,
their ability to support heterobimetallic species would also be of interest. An initial
screening reaction using one equivalent of Mn(CO)3 was found to provide a mixture of
the mono- and di-manganese complexes. The separation of the mixture was not pursued
in this thesis but provides encouragement for further investigation.
Finally, the potential reduction chemistry found for the complexes by CV and the
known use of other manganese complexes of N-donor ligands such as [Mn(bpy)(CO) 4]
(Scheme 4.1 and Figure 4.2) prompts exploration into the use of molecules for CO 2
reduction reactions.43
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Scheme 4.1: Electrochemical half reactions and potentials of importance to CO2 reduction.

Scheme 4.2:"Protonation-first" ad "reduction-first" pathways for CO2 reduction43

It was hoped that with our newly developed dinucleating ligand it would be
possible to determine if the two proximal metal centers would have any “cooperativity”
effect on the CO2 reduction and that it would be possible to spectroscopically trap and
identify intermediates by bridging between metal centers. Furthermore, the availability of
a nitrogen donors proximal to the metal in the tetradentate ligand variants might help
manage proton transfer reactions.
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CHAPTER 5: EXPERIMENTAL
5.1 General Procedures
Chemicals. Solvents for syntheses, spectroscopic characterization or
electrochemical studies were dried by conventional means and distilled under Argon prior
to use. Solvents used in organic workup or chromatographic separations were used as
received from commercial sources. The compound H(pz CH(OMe)2)27 were prepared by
literature methods. All other chemicals were used as received from commercial sources.
Caution: Thallium salts are highly poisonous. Wear appropriate protective equipment and
follow local waste disposal guidelines.
Instrumentation and characterization. Melting point determinations were made
on samples contained in glass capillaries using an Electrothermal 9100 apparatus and are
uncorrected. 1H and 13C NMR spectra were recorded on either a Varian 300 or 400 MHz
spectrometer. Chemical shifts were referenced to solvent resonances at H 7.26 and C
77.16 for CDCl3 and H 1.96 and C 1.32 for CD3CN. Electronic absorption (UVVis/NIR) measurements were made on a Cary 5000 instrument. Abbreviations for NMR
and UV-Vis: br (broad), sh (shoulder), m (multiplet), ps (pseudo-), s (singlet), d
(doublet), t (triplet), q (quartet), p (pentet), sept (septet). Solution magnetic moment were
measured by using the Evans method. FTIR spectra were recorded for solid samples in
the 4000-500 cm-1 region on a Nicolet Magna-IR 560 spectrometer. Electrochemical
measurements were collected under a nitrogen atmosphere for samples as 0.1 mM
solutions in CH3CN with 0.1 M NBu4PF6 as the supporting electrolyte, as described in
the main text. A three-electrode cell comprised of an Ag/AgCl electrode (separated from
the reaction medium with a semipermeable polymer membrane filter), a platinum
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working electrode, and a glassy carbon counter electrode was used for the voltammetric
measurements. Data were collected at scan rates of 100mV/s.
5.2 Chapter 2 Experimental
3-dimethoxycarbonylpyrazol-1-ylbenzene, 2.1a. A mixture of 27.57 g (193.9
mmol, 1.01 equiv) of H[pzCH(OMe)2], 21.47 mL (39.3 g, 193 mmol, 1.0 equiv.) of
iodobenzene, 15.40 g (385 mmol, 2 equiv.) of NaOH, 4.22 mL (3.41 g, 38.6 mmol)
DMED, and 60 mL of distilled anhydrous dioxane were bubbled under high pressure
argon for 20 minutes. Then, 3.68 g (19.3 mmol, 10 mol-%) of CuI was added under argon
blanket and the mixture further purged with argon for 5 minutes. The resulting tan
mixture was heated at reflux for 15 h under argon during which time the mixture became
mustard brown colored. Then, after cooling to 50-60oC with an external water bath,
solvent was removed by (oil pump) vacuum distillation. A mixture of 200 mL of
deionized H2O and 7.18 g (19.3 mmol) of Na2(EDTA)·2H2O were added to facilitate
work up. Then, the mixture was extracted with four 100 mL portions of dichloromethane.
The organic fractions were combined, dried over MgSO 4, and filtered. The filtrate was
passed though a through a silica plug with 4:1 hexanes:ethyl acetate as an eluent (R f 0.55)
to remove inorganic salts. Then solvent was removed by rotary evaporation to leave 32.9
g (79% yield based on IPh) of pure 2.1a an amber oil.
1

H NMR (CDCl3): δH 7.89 (d, J = 2.4 Hz, 1 H, H5pz), 7.69 (d, J = 8.5 Hz, 2 H,

Ar), 7.44 (dd, J = 8.5, 7.4 Hz, 2 H, Ar), 7.29 (d, J = 7.4 Hz, 1 H, Ar), 6.54 (d, J = 2.4 Hz,
1 H, H4pz), 5.56 (s, 1 H, CH(OMe)2), 3.44 (s, 6 H, OCH3).

13

C NMR (CDCl3): δC

151.81, 140.00, 129.35, 127.62, 126.58, 119.42, 105.92 (C 4pz), 99.81 (Cmethine), 53.30
(OCH3) ppm.
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Bis-1,3-(di-3-dimethoxycarbonylpyrazol-1-yl)benzene, 2.1b. A mixture of
10.34 g (72.7 mmol, 2.4 equiv) of H[pzCH(OMe)2], 10.0 g of 1,3-diiodobenzene (30.3
mmol, 1 equiv.), 16.75 g (121.24 mmol, 4 equiv.) of K 2CO3, and 20 mL of distilled
xylene were bubbled under high pressure argon for 20 minutes. 1.305 mL (40 mol-%)
DMED and 0.577 g (3.03 mmol, 10 mol-%) of CuI was added under argon blanket and
the mixture further purged with argon for 5 minutes. The resulting tan mixture was heated
at reflux for 4 days under argon during which time the mixture became darker brown.
Then, after cooling to 50-60oC with an external water bath, solvent was removed by (oil
pump) vacuum distillation. A mixture of 50 mL of deionized H 2O and 1.13 g (3.03
mmol) of Na2(EDTA)·2H2O were added to facilitate work up. Then, the mixture was
extracted with three 50 mL portions of dichloromethane. The organic fractions were
combined, dried over MgSO4, filtered and solvent was removed by rotary evaporation to
leave a light brown solid. The solid was washed twice with 5 mL of Et 2O to give
spectroscopically pure 2.1b (9.50 g, 88% yield) suitable for the next step of synthesis. If
reaction is run for shorter periods of time, or if highly purified 2.1b is desired, the
product can be separated from the mono-substituted IC 6H4pzCHOMe2, 2.1c, impurity by
column chromatography on SiO2. First, 3:1 hexane: ethyl acetate as the eluent removes
2.1c in the first fraction (Rf = 0.9 SiO2 plate). Next, flushing with 1:1 hexane: ethyl
acetate gives the desired 2.1b as a pale yellow solid after removing solvent from the next
band (Rf = 0.3). The characterization date below are for highly purified 2.1b, as a pale
yellow solid.
Precursor 2.1b. Mp, 93-95 ˚C. 1H NMR (CDCl3): δH 8.06 (t, J = 2 Hz, 1 H, Ar),
7.96 (d, J = 2.4 Hz, 2 H, H5pz), 7.59 (dd, J = 8, 2 Hz, 2 H, Ar), 7.47 (pst, J = 8 Hz, 1 H,
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Ar), 6.54 (d, J = 2.4 Hz, 2 H, H4pz), 6.54 (s, 2 H, CH(OMe)2), 3.42 (s, 12 H, OCH3).

13

C

NMR (CDCl3): δC 152.42, 141.12, 130.58, 128.08, 117.20, 110.51, 106.63 (C 4pz), 99.92
(Cmethine), 53.53 (OCH3) ppm.
Impurity 2.1c. 1H NMR (CDCl3): δH 8.11(t, J = 1.8 Hz, 1H, Ar), 7.87 (d, J = 2.5
Hz, 1 H, H5pz), 7.63 (dd, J = 8 , 2 Hz, 2 H, Ar 7.16 (t, J = 8.1 Hz, 1 H, Ar), 6.54 (t, J =
2.5 Hz, 1 H, H4pz), 5.55 (s, 1 H, CH(OMe)2), 3.44 (s, 6 H, OCH3) ppm.

13

C NMR

(CDCl3): δC 135.75, 130.98, 128.42, 127.82, 126.24, 118.56, 106.73 (C 4pz), 99.86, 94.64,
53.53, 52.50 ppm.
3-formylpyrazol-1-ylbenzene, 2.2a. A solution of 30.86 g (141.4 mmol) of 2.1a,
0.545 mL (0.806 g, 7.07 mmol) of trifluoroacetic acid, 105 mL THF, and 35 mL of H 2O
was heated at reflux for 2 h, and then was cooled to room temperature. Next, the solution
was neutralized with saturated aqueous NaHCO3. The mixture was extracted with four
100 mL portions of CH2Cl2. The combined organic fractions were dried over MgSO 4,
filtered and solvent was removed by rotary evaporation to leave a brown oil. A 25 mL
portion of 30 vol % ethyl acetate in hexanes was added to the oil and the mixture was
purified by passing through a silica gel plug (200 g) using 30 vol % ethyl acetate in
hexanes as an eluent. The fast-moving yellow orange band (R f 0.7, TLC plate) was
collected. After removing solvent under vacuum, 20.7 g (85% yield) of 2.2a was obtained
as a beige solid.
Mp, 58-59 ˚C. 1H NMR (CDCl3): δH 10.10 (s, 1 H, CHO), 7.98 (d, J = 2.5 Hz, 1
H, H5pz), 7.76 (d, J = 7.6 Hz, 2 H, o-Ar), 7.52 (dd, J = 7.6 , 7.4 Hz , 2 H, m-Ar), 7.41 (t, J
= 7.4 Hz, 1H, p-Ar), 7.01 (d, J = 2.5 Hz, 1 H, H4pz) ppm. 13C NMR (CDCl3): δC 186.67
(C=O), 152.51, 139.52, 129.70, 129.01, 127.94, 119.84, 107.32 (C 4pz) ppm.
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1,3-di(3-formylpyrazol-1-yl)benzene, 2.2b. A solution of 9.50 g (26.5 mmol) of
2.1b, 0.101 mL (1.32 mmol) of trifluoroacetic acid, 38 mL THF, and 12 mL of H 2O was
heated at reflux for 2 h (a white precipitate formed within the first hour). The mixture
was cooled to room temperature and the light brown precipitate was collected by vacuum
filtration, washed with 5 mL Et2O, then dried in a 130oC oven for 1 h to leave (5.59 g,
79% yield) 2.2b as a nearly colorless (slightly tan) solid.
Mp, 237-239 ˚C. 1H NMR (CD3OD): δH 10.08 (s, 2 H, CHO), 8.66 (d, J = 2.6
Hz, 2 H, H5pz), 8.56 (d, J = 2.0 Hz, 1 H, Ar), 8.02 (dd, J = 8.2 , 2.0 Hz , 2 H, Ar), 7.79 (t,
J = 8.2 Hz, 1H, Ar-H), 7.05 (d, J = 2.6 Hz, 2 H, H4pz) ppm. 13C NMR (DMSO-d6): δC
186.87 (C=O), 152.22, 140.11, 131.41, 131.25, 118.15, 110.10, 107.71 (C 4pz) ppm.
PhL*,

2.3a. Under an argon atmosphere, a mixture of 1.842 g (19.2 mmol, 3.0

equiv) 3,5-dimethylpyrazole in 15 mL of THF was slowly added into a suspension of
0.459 g (19.2 mmol. 3.0 equiv) NaH in 20 mL of THF via cannula transfer. The mixture
was stirred for 15 minutes until H2 evolution ceased a clear solution formed. Then, 0.695
mL (9.58 mmol, 1.5 equiv) SOCl2 was slowly added by syringe to form a colorless
precipitate. After the mixture had been stirred for 30 minutes, 0.041 g (5 mol%) of CoCl 2
was added forming a blue suspension. Next, 1.100 g (6.39 mmol, 1 equiv) of 2.2a was
added and the resulting blue mixture was heated at reflux 14 h. After cooling the mixture
to room temperature, solvent was removed by vacuum distillation. The blue-green
residue was partitioned between 20 mL of H2O and 20 mL of dichloromethane and the
phases were separated. The aqueous phase was extracted with two 20 mL portions of
dichloromethane. The combined organic layers were washed with 10 mL saturated
NaHCO3, then were dried over MgSO4 and filtered. Solvent was removed via vacuum
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distillation to obtain 2.05 g yellow orange solid. The yellow orange solid was dissolved
in 30 mL hot hexanes and placed in a -20 oC freezer overnight to precipitate 1.15 g (52%)
of 2.3a as a pale yellow solid that was collected after filtration and drying under vacuum.
A second crop 0.48 g (1.63 g total, 74 % yield) of pale yellow powder was obtained after
concentrating the mother liquor to 10 mL, cooling to the hexanes solution, filtering and
drying. Alternatively, the product can be purified by chromatography using silica gel that
has been previously deactivated with 1 vol% NEt 3 in hexanes. Then vacuum drying the
first yellow band (Rf = 0.64) collected when using 1:1 ethyl acetate:hexanes as an eluent,
(1.67 g , 75% yield, obtained from a separate reaction of identical scale but without
crystallization step).
Mp: 113-114 oC. 1H NMR (CD3CN): δH 8.10 (d, J = 2.5 Hz, 1 H, H5pzcf), 7.69 (d,
J = 8.5 Hz, 2 H, o-Ar), 7.62 (s, 1 H, CHmethine), 7.47 (dd, J = 8.5, 7.6 Hz, 2 H, m-Ar), 7.32
(t, J = 7.6 Hz, 1 H, p-Ar), 6.38 (d, J = 2.5 Hz, 1 H, H4pzcf), 5.88 (s, 2 H, H4pz*), 2.23 (s,
6 H, CH3), 2.12 (s, 6 H, CH3) ppm. 1H NMR (CDCl3): δH 7.89 (d, J = 2.3 Hz, 1 H,
H5pzcf), 7.64 (s, 1 H, CHmethine), 7.63 (d, J = 7.6 Hz, 2 H, o-Ar), 7.41 (pst, J = 7.6 Hz, 2
H, m-Ar), 7.26 (t, J = 7.6 Hz, 1 H, p-Ar), 6.46 (d, J = 2.3 Hz, 1 H, H4pzcf), 5.84 (s, 2 H,
H4pz*), 2.27 (s, 6 H, CH3), 2.21 (s, 6 H, CH3) ppm.
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C NMR (CDCl3): δC 149.60,

148.33, 140.58, 140.07, 129.44, 127.86, 126.67, 119.38, 108.37 (C 4pz*), 106.96 (C4pz),
69.89(Cmethine), 13.93, 11.71 ppm.
pz6L*, 2.3b. Method A. Under an argon atmosphere, a mixture of 6.498 g (67.6
mmol, 6 equiv.) 3,5-dimethylpyrazole in 20 mL of THF was slowly added into a
suspension of 1.891 g (78.8 mmol. 7 equiv.) NaH in 30 mL of THF via cannula transfer.
The mixture was stirred for 15 minutes until H2 evolution ceased and a clear solution
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formed. Next, 2.45 mL (4.02 g, 33.8 mmol, 3 equiv.) SOCl 2 was slowly added by syringe
to form a colorless precipitate. After the mixture had been stirred for 30 minutes, 0.073 g
(5 mol%) of CoCl2 was added forming a blue suspension. Next, 3.00 g (11.267 mmols, 1
equiv.) of 2.2b was added and the resulting blue mixture was heated at reflux 14 h. After
cooling the mixture to room temperature, solvent was removed by vacuum distillation,
leaving an orange oil. The oil was partitioned between 20 mL of dichloromethane and 20
mL of an aqueous solution of Na2(EDTA)·2H2O (0.555 mmol) and the phases were
separated. The aqueous phase was extracted with two 20 mL portions of
dichloromethane. The combined organic fractions were dried over MgSO 4 and filtered.
Solvent removed via vacuum distillation to obtain a brown oil that was washed with two
10 mL portions of Et2O to remove excess dimethylpyrazole. The Et2O insoluble residue
was dissolved in 25 mL MeOH and placed in a -20 oC freezer for 2 h to give colorless
crystals that were collected by filtration. The mother liquor was concentrated to one-half
volume and placed in the -20oC freezer overnight to afford a second crop of crystals that
were collected by filtration. The combined batches of crystals were dried under vacuum
4 h at 60oC to give 5.70 g (82% yield), of 2.3b as colorless crystals. Method B. A mixture
of 2.82 g (10.6 mmol) of precursor 2.2b, 5.78 g (26.5 mmol, 2.5 equiv.) of O=C(pz*)244
and 0.0687 g (0.529 mmol, 5 mol%) of CoCl 2 in 20 mL of toluene was heated at reflux
for 16 hours under argon atmosphere. The resulting bright blue solution was cooled to
room temperature and the solvent was removed by vacuum distillation. The residue was
partitioned between 50 mL of H2O and 50 mL ethyl acetate. The organic and aqueous
layers were separated, and the aqueous layer was extracted with two 50 mL portions of
ethyl acetate. The organic fractions were combined, dried over MgSO 4 and filtered.
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Solvent was removed by rotary evaporation. The residue was triturated with Et 2O to
leave 5.02 g (8.17 mmol, 77 % yield) of crude 2.3b as a colorless solid. The crude solid
was dissolved in 30 mL of boiling benzene, passed through a Celite plug to remove
unidentified insoluble impurities, and solvent was removed to give 4.56 g (7.41 mmol, 70
% yield) of 2.3b as a colorless solid.
Mp: 203-205 oC. 1H NMR (CDCl3): δH 7.96 (t, J = 1.7 Hz, 1 H), 7.93 (d, J = 2.4
Hz, 1 H, Ar), 7.63 (s, 2 H, CHmethine), 7.72 (s, 2 H, CHmethine), 7.56-2.48 (m, 3H, Ar), 6.50
(d, J = 2.6 Hz, 2 H, H4pz), 5.84 (s, 4 H, H4pz*), 2.27 (s, 12 H, CH3), 2.21 (s, 12 H, CH3)
ppm.
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C NMR (CDCl3): δC 189.94, 149.97, 148.03, 140.25, 130.26, 128.04, 116.66,

110.27, 108.61, 106.95, 68.75, 13.67, 11.73
[(PhL*)Mn(CO)3](O3SCF3), 2.4. Under an argon atmosphere and with the
exclusion of light (foil covering), a mixture of 0.400 g (1.16 mmol) of 2.3a, 0.318 g (1.16
mmol,) Mn(CO)5Br and 0.408 g (1.16 mmol) of TlOTf in 10 mL of CH 3CN were heated
at reflux for 2 h. During heating a colorless precipitate formed in the bright yellow
solution. After the reaction mixture had been cooled to room temperature, the solution
was filtered via cannula. The precipitate was washed twice with 5 mL of CH 3CN and
combined with previous fraction. Solvent was removed from the combined CH 3CN
soluble fractions by vacuum distillation. The bright yellow residue was washed with 5
mL of Et2O and dried under vacuum to obtain 0.688 g (94% yield) 2.4 as a bright yellow
light-sensitive solid. Complex 2.4 is best stored in the dark (foil-wrapped containers).
1

H NMR (CD3CN): δH δH 7.96 (d, J = 2.3 Hz, 1 H, H5pzcf), 7.72 (s, 1 H,

CHmethine), 7.70 (t, J = 7.7 Hz, 1 H, p-Ar), 7.64-7.61 (m, 4 H, o,m-Ar), 7.10 (d, J = 2.3 Hz,
1 H, H4pzcf), 6.16 (s, 2 H, H4pz*), 2.55 (s, 6 H, CH3), 2.47 (s, 6 H, CH3) ppm.
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C NMR
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(CD3CN): δC 221.9 (CO), 220.6 (CO), 156.8, 146.7 144.6, 139.0, 138.2, 132.5, 130.4,
130.0, 109.8 (C4pz*), 107.4 (C4pzcf), 61.1 (C), 15.1 (CH3), 11.4 (CH3) ppm; CF3 quartet
obscured by solvent. IR (ATR) ῡCO: 2043 1943, 1937 cm-1. IR (CH2Cl2) ῡCO: 2048, 1948
cm-1. IR (CH3CN) ῡCO: 2037, 1943, 1927 cm-1. UV−vis [CH3CN; λ, nm (ε, M−1 cm−1 )]
353 (1,670), 261 sh (8,330), 220 (18,400).
X-ray quality single crystals of 2.4·1/2 (CH)2Cl2 were grown by vapor diffusion
of diethyl ether into a solution of 20 mg 2.4 in 0.5 mL of (CH)2Cl2.
[(PhL*)Mn(CO)2(CH3CN)](O3SCF3), 2.5. Under an argon atmosphere and the
exclusion of light, a 5 mL solution of containing 0.0153 g (0.203 mmol, 1 eq) of
anhydrous Me3NO in CH3CN was added to a 5 mL solution containing 0.129 g (0.203
mmol, 1eq) of 2.4 in CH3CN and left to stir over 3 hours. The solution starts out yellow
but progressively changes to an orange color as the reaction proceeds. Solvent is removed
via vacuum distillation, leaving behind a yellow orange solid. The solid was washed with
one 5 mL of Et2O and two portions of 5 mL of benzene then dried under vacuum to give
0.118 g (89%) of 2.5 as a pure yellow orange powder. The solid is stored with the
exclusion of light under an inert atmosphere.
1

H NMR (CD3CN): δH cis isomer 7.267 (m, 5H, ph), 7.727 (s, 1H, cf-pz) 6.19 (s,

1H, c-methine) 5.92 (s, 1H, cf-pz), 2.61 (s, 3H, CH3), 2.48 (s, 3H, CH3) ppm, trans
isomer 8.02 (d,1H, pz), 7.267 (m, 5H, ph), 7.11 (d, 1H, pz), 6.18 (s, 2H, cf-pz) 6.19(s,
1H, c-methine), 2.61 (s, 6H, CH3), 2.48 (s, 6H, CH 3) isomer.
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C NMR (CD3CN): δC

Peaks are mixture of both cis and trans isomers 158.11, 157.01, 156.83, 147.82, 147.78,
144.98, 143.67, 143,56, 139.35, 138.79, 138.69, 138.40, 131.91, 131.71, 130.05, 129.95,
129.30, 129.13, 109.52, 109.38, 107.44, 107.12, 61.55, 61.41, 15.05, 14.77, 14.65, 11.52,
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11.37, 11.33 ppm. IR (ATR) ῡCO: 1953, 1867 cm-1 ῡCN 2276 cm-1. IR (CH3CN) ῡCO:
1959, 1843 cm-1. IR (CH2Cl2) ῡCO: 1958, 1874 cm-1.
X-ray quality single crystals of 2.5 were grown by layering a 0.5 mL solution of
CH3CN containing 20 mg of 2.5 over benzene.
[Mn(PhL*)2](OTf)2, 2.6. A solution of 0.100 g (0.289 mmol) 2.3a in 10 mL
CH3CN was added via cannula to a solution of 0.0509 g (0.144 mmol) Mn(OTf) 2. The
resulting colorless solution was stirred 1 h, and then solvent was removed under vacuum.
The residue was washed with two 5 mL portions Et 2O and was dried under vacuum to
leave 0.139 g (92 %) 2.6 as a colorless solid.
μeff (Evans): 4.72 μB. UV−vis [CH3CN; λ, nm (ε, 5.6 x 10-5 M−1 cm−1 )] 235
(25100), 256 (22000).
Crystals suitable for single crystal X-ray diffraction were grown by vapor
diffusion of Et2O into a solution of 30 mg 2.6 in 0.5 mL CH3CN.
{[Mn(CO)3]2(μ- pz6L*])}(Br)2, 2.7. A mixture of 0.100 g (0.163 mmol) 2.3b and
0.0894 g (0.325 mmol) Mn(CO)5Br in 10 mL toluene was heated in the dark (foil covered
apparatus) under argon. Upon initial warming, an orange solution formed but within 5
min a yellow-orange solid precipitated. After the mixture had been heated at reflux 2 h, it
was cooled to room temperature. The yellow-orange precipitate was collected by cannula
filtration, was washed with 5 mL Et2O, and was dried under vacuum to leave 0.168 g (98
%) of 2.7 as a dark yellow solid.
IR (ATR) ῡCO: 2039, 1947, 1931 cm-1. IR (CH3CN) ῡCO: 2043, 1943 cm-1.
Crystals suitable for single crystal X-ray diffraction were grown by vapor
diffusion of Et2O into a solution of 30 mg 2.7 in 0.5 mL CH3CN.
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{[Mn(CO)3]2(μ- pz6L*])}(O3SCF3)2, 2.8. Under an argon atmosphere and with
the exclusion of light (foil covering), a mixture of 0.374 g (0.609 mmol) of 2.3b, 0.335 g
(1.218 mmol) Mn(CO)5Br and 0.431 g (1.218 mmol) of TlOTf in 10 mL of CH3CN were
heated at reflux for 2 h. During heating a colorless precipitate formed in the bright yellow
solution. After the reaction mixture had been cooled to room temperature, the solution
was filtered via cannula. The precipitate was washed two times with 5 mL of CH 3CN.
Solvent was removed from the combined CH3CN soluble fractions by vacuum
distillation. The bright yellow residue was washed with 5 mL of Et 2O and dried under
vacuum to obtain 0.588 g (81% yield) 5 as a bright yellow light-sensitive solid. Complex
5 is best stored in the dark (aluminum-foil-wrapped vials).
1

H NMR (CD3CN): δH 8.05-7.9 (5H, ar), 7.906 (d, J=2.651, ppm, 2H, cf-pz), 7.67

(s, 2H, methine), 7.01 (d, J=2.59, 2H, cf-pz), 2.534 (s, 12H, CH 3), 2.45 (s, 12 H, CH3).
13

CNMR (300 MHz, CD3CN) δC: = 221.52, 220.91, 156.90, 147.27, 144.73, 139.14,

138.43, 133.48, 131.8, 131.29, 109.74, 107.29, 60.97, 14.95, 11.24 ppm. IR (ATR) ῡ CO:
2040, 1947, 1934 cm-1. IR (CH3CN) ῡCO: 2044, 1950, 1939 cm-1, UV−vis [CH3CN; λ, nm
(ε, M−1 cm−1 )] 225 (55000), 276 sh (14000), 360 (5800).
X-ray quality single crystals of 2.8 were grown by vapor diffusion of diethyl ether
into a solution of 30 mg 2.8 in 0.5 mL of a CH3CN.
{[Mn(CO)2(CH3CN)]2(μ- pz6L*])}(O3SCF3)2, 2.9. Under argon solution of
0.013 g (0.168 mmol, 2 eq) anhydrous Me 3NO in 10 mL CH3CN is added by cannula to a
yellow solution of 0.100 g (0.084 mmol) 2.8 in 10 mL CH3CN (in a foil covered flask to
exclude light). The resulting solution gradually turned red-orange with stirring over the
course of 3 h. Then, solvent was removed by vacuum distillation. The red-orange
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residue was washed with 5 mL Et2O and 5 mL of benzene was dried under vacuum 1 h to
leave 0.093 g (91%) of the orange product.
1

H NMR (CD3CN): δH 8.04, 7.81, 7.75, 7.65, 7.49, 7.36, 7.16, 7.09, 6.93, 6.42,

6.20, 6.18, 5.92, 5.88, 5.86, 2.61, 2.59, 2.48, 2.47, 2.44, 2.43, 2.26 ppm. IR (ATR) ῡ CO:
1937, 1847 cm-1 ῡCN 2252 free cm-1. IR (CH3CN) ῡCO: 1941, 1853 cm-1. UV−vis
[CH3CN; λ, nm (ε, M−1 cm−1 )] 220 (47400), 239 (32093), 258 (24000), 335 (5150), 436
(1012).
X-ray quality single crystals of 2.9 were grown by layering a 0.5 mL solution of
CH3CN containing 20 mg of 2.9 over benzene.
[Mnpz6L*]2(OTf)4, 2.10. A solution of 0.100g (1.62 mmol) L in 10 mL CH3CN
was added via cannula to a solution of 0.574 g (1.62 mmol) Mn(OTf) 2. The resulting
colorless solution was stirred 1 h, and then solvent was removed under vacuum. The
residue was washed with (2 x 5 mL) dry Et2O and was dried under vacuum to leave
0.138 g (87 %) 6 as a colorless solid.
μeff (Evans): 7.76μB. UV−vis [CH3CN; λ, nm (ε, M−1 cm−1 )] 230 (26750), 262
(26400)
Crystals suitable for single crystal X-ray diffraction were grown by vapor
diffusion of Et2O into a solution of 30 mg 2.10 in 0.5 mL CH3CN.
5.3 Chapter 3 Experimental
L1.Under argon atmosphere, a mixture of H(pzCHpz2) (2.0 mmol), 2(chloromethyl)pyridine hydrochloride (2.2 mmol) and phase transfer catalyst Bu4NBr
(0.4 mmol) were mixed with 10 mL of toluene and 10 mL of a 50 wt% NaOH aqueous
solution. The mixture was purged with Argon for 5 min then was heated at reflux under
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Ar for 12 hours. Then the reaction mixture was cooled to room temperature, 20 mL of
water was added, and the layers were separated. The aqueous fraction was extracted with
ethyl acetate (3 × 20 mL). The combined organic phases was dried over MgSO4 and
filtered. Solvent was removed by vacuum distillation to leave a light brown solid. After
washing the light brown solid with cold diethyl ether (5 mL) 0.53 g (87% yield) of pure
L1 was obtained as a pale yellow solid.
Mp: 84–86 °C. Anal. calcd (found) for C16H15N7: C, 62.94 (62.92); H, 4.95
(5.06); N, 32.11 (31.90). 1 H NMR (CDCl3) δH 8.57 (ddd, J = 4.8, 1.8, 0.8 Hz, 1 H, py),
7.73 (s, 1 H, CmethineH), 7.664 (d, J = 2.5 Hz, 2 H, H5pz) 7.656 (td, J = 7.8, 1.8 Hz, 1
H, py), 7.59 (d, J = 1.8 Hz, 2 H, H3pz), 7.56 (d, J = 2.4 Hz, 1 H, H5 c pz), 7.23 (ddd, J =
7.8, 4.8, 0.8 Hz, 1 H, py), 7.04 (dt, J = 7.8, 0.8 Hz, 1 H, py), 6.40 (d, J = 2.4 Hz, 1 H, H4
c pz), 6.29 (dd, J = 2.5, 1.8 Hz, 2 H, H4pz), 5.45 (s, 2 H, CH2). 13C NMR (CDCl3) δC
156.00, 149.61, 147.59, 140.83 (C3pz), 137.31, 131.46, 129.52 (C5pz), 123.12, 122.04,
106.67 (C4 c pz), 106.53 (C4pz), 73.36 (CH methine), 58.02 (CH2).
L1Mn(CO)3 (O3SCF3), 3.1. Under an argon atmosphere and the exclusion of
light, a mixture of 0.100 g (0.327 mmols) L1, 0.090 g (0.327 mmols) Mn(CO)5Br and
0.116 g (0.327mmols) TlOTf were heated at reflux for 2 h in 10 mL of CH 3CN. The
mixture produces bright yellow color solution with the formation of a white precipitate.
After the reaction mixture cooled to room temperature, the solution was filtered via
cannula. The precipitate was washed with 2 x 5 mL CH 3CN and filtered to ensure full
transfer of the solution. CH3CN was removed from the solution via vacuum distillation,
leaving behind a bright yellow residue. The yellow residue was washed with 5 mL of
Et2O and dried under vacuum to give the pure product 0.157 g, (81% yield) as a bright
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yellow solid. The yellow solid is light sensitive and were stored in the dark (aluminumfoil-wrapped vials). Recrystallization: Product was recrystallized through ether vapor
diffusion in CH3CN
1

H NMR (CD3CN): δH: 8.454( d, 4.22 Hz,1H), 8.239 (d,1.8 Hz, 2H, pz), 8.184(d,

1.52 Hz, 2H), 8.069 (s, 1H), 7.851 (d, 2 Hz, 1H), 7.751(t, 7 Hz, 1H, py), 7.302 (dd,
8.2Hz, 4.365 Hz, 1H, py), 7.124 (d, 7.04Hz, 1H, py), 6.861 (d, 2 Hz, 1Hz), 6.526(t,
2.3Hz, 3Hz, 1 H, pz), 5.853 (s,2H,CH2). 13C NMR (300 MHz, CD3CN) δC: 220.43 (CO),
153.96, 150.73, 147.78, 145.92, 138.37, 138.20, 135.80, 124.56, 122.75, 109.44, 108.13,
66.83, 57.33 IR (ATR, cm-1) 2040.30(υCO), 1935.96 (υCO, br). UV−vis [CH3CN; λ, nm (ε,
M−1 cm−1 )] 355 (2134)
L1Mn(CO)2(O3SCF3), 3.3. Under an argon atmosphere and the exclusion of light,
a mixture of 0.100 g (0.169 mmol) 3.1 and anhydrous Me3NO 0.0126 g (0.169 mmol)
was dissolved in 10 ml of CH3CN and stirred over 3 hrs. The solution starts out as a
yellow color but progressively changes to red as the reaction proceeds. The solvent is
removed via vacuum distillation, leaving behind a red solid. The solid was washed with 5
mL Et2O to give the product 0.924g (97% yield).
1

H NMR (CD3CN): δH: 9.049 (s, 1H), 8.386 (s, 1H, py), 8.306-8.086 (br, 3H, py),

8.066(s, 1H), 7.764(s, 1H), 7.623(s, 1H), 7.467(s, 1H), 7.260(s, 1H), 6.904(s, 1H),
6.423(s, 1H), 6.283 (s, 1H), 5.720 (s, 2H, CH 2) 13C NMR (300 MHz, CD3CN) δC:
187.526, 159.377, 148.218, 145.541, 145.344, 138.862, 136.213, 134.832, 126.998,
125.448, 108.360, 108.249, 106.443, 66.995, 55.454 IR (ATR, cm -1) 1943.06 (υCO),
1858.23 (υCO, br) UV−vis [CH3CN; λ, nm (ε, M−1 cm−1 )] (246, 4619), (434, 1219)
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(L1)2Mn(OTf)2, 3.5. Under an argon atmosphere, a solution containing 0.100 g
(0.327 mmol, 2 equiv.) L1 in 10 mL CH3CN was added via cannula to a 5 mL solution of
CH3CN containing 0.0578 g (0.164 mmol, 1 equiv) Mn(OTf) 2. The resulting colorless
solution was stirred 1 h, and then solvent was removed under vacuum. The residue was
washed with two 5 mL portions Et2O and was dried under vacuum to leave 0.140 g (89
%) (L1)2Mn(OTf)2 as a colorless solid. X-ray quality crystals were obtained via ether
vapor diffusion over CH3CN.
μeff (Evans): 5.68 μB UV−vis [CH3CN; λ, nm (ε, M−1 cm−1 )]: (264, 5145), (219,
22178)
Crystals suitable for single crystal X-ray diffraction were grown by vapor
diffusion of Et2O into a solution of 20 mg 3.5 in 0.5 mL CH3CN
L2 .A mixture of H(pzCHpz*2 ) (1.0 mmol), 2-(chloromethyl)pyridine
hydrochloride (1.1 mmol) and phase transfer catalyst Bu4NBr (0.2 mmol) were mixed
with 5 mL of toluene and 5 mL of 50 wt% NaOH aqueous solution. The biphasic mixture
was purged with argon 5 min, then was heated under argon at reflux for 12 hours. After
the reaction mixture was cooled to room temperature, 10 mL of water was added. The
mixture was extracted with ethyl acetate (3 × 10 mL). The combined organic layers were
dried over MgSO4, filtered, and solvent was removed by vacuum distillation to leave a
light brown solid. The light brown solid was washed with cold diethyl ether (3 mL) to
give the pure product (0.343 g, 95% yield) as a pale yellow solid
M.p.: 35–37 °C. Anal. calcd (found) for C20H23N7: C, 66.46 (66.39); H, 6.41
(6.42); N, 27.12 (27.05). 1H NMR (CDCl3) δH 8.54 (d, J = 4.4 Hz, 1 H, py), 7.62 (t, J =
7.7 Hz, 1 H), 7.58 (s, 1 H) 7.48 (d, J = 2.2 Hz, 1 H), 7.19 (t, J = 7.7 Hz, 1 H), 7.03 (d, J =
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7.7 Hz, 1 H), 6.18 (d, J = 2.2 Hz, 1 H), 5.82 (s, 2 H), 5.43 (s, 2 H), 2.22 (s, 6 H, CH3),
2.19 (s, 6 H, CH3). 13C NMR (CDCl3) δC 156.65, 149.42, 148.53, 148.27, 140.57,
137.20, 131.10, 122.91, 121.96, 107.03, 106.96, 69.93, 57.85, 13.96, 11.69.
L2Mn(CO)3 (O3SCF3), 3.2. Under an argon atmosphere and the exclusion of
light, a mixture of 0.200 g (0.553 mmols) L2, 0.152 g (0.553 mmols) Mn(CO)5Br and
0.1956 g (0.553mmols) TlOTf were heated at reflux for 2 h in 10 mL of CH 3CN. The
mixture produces bright yellow color solution with the formation of a white precipitate.
After the reaction mixture cooled to room temperature, the solution was filtered via
cannula. The precipitate was washed 2 times with 5 mL of CH 3CN and filtered to ensure
full transfer of the solution. CH3CN was removed from the solution via vacuum
distillation, leaving behind a bright yellow residue. The yellow residue was washed with
5 mL of Et2O and dried under vacuum to give the pure product (0.328 g, 91% yield as a
bright yellow solid. The yellow solid is light sensitive and was stored in the dark
(aluminum-foil-wrapped vials).
1

H NMR (CD3CN): δH: 8.468 (d, J= 4.6 Hz, 1 H, py), 7.853 (d, J=2.6 Hz, 1 H,

Hpz), 7.763 (td, J= 8.0 Hz, 1.7 Hz, 1 H, py), 7.609 (s, 1 H, methine), 7.311 (dd, J=7.5 Hz,
4.739 Hz, 1 H, py), 7.153 (d, J=8.0, 1 H, Hpz), 6.959 (d, J=2.6, 1 H, Hpz), 6.154 (s, 2 H,
Hpz,), 5.866 (s, 2 H, CH2), 2.523 (s, 6 H, CH3), 2.488 (s, 6 H, CH3) 13C NMR (CD3CN):
δC: 221.387, 221.121, 156.786, 154.949, 150.715, 145.741, 144.814, 138.575, 138.395,
124.544, 122.866, 109.814, 107.666, 61.227, 57.375, 15.009, 11.528 IR (ATR, cm -1)
2039.92 (υCO), 1932.87 (υCO, br) UV−vis [CH3CN; λ, nm (ε, M−1 cm−1 )] (220, 30600)
(260,10600), (355, 2260)
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Crystals suitable for single crystal X-ray diffraction were grown by vapor
diffusion of Et2O into a solution of 17 mg 3.2 in 0.5 mL CH3CN
L2Mn(CO)2(O3SCF3), 3.4. Under an argon atmosphere and the exclusion of light,
a mixture containing 0.100 g (0.154 mmol) 3.2 and 0.012g (0.154 mmol) anhydrous
Me3NO was dissolved in 10 ml of CH3CN and stirred for 3 hrs. The solution starts out as
yellow solution but progressively changes to red color as the reaction proceeds. The
solvent was removed via vacuum distillation, leaving behind a red-orange solid that was
washed with Et2O to give the product with 0.947 g (99% yield).
1

H NMR (CD3)2CO) δH: 9.203 (d, J=5.1Hz, 1 H, py), 8.343 (d, J=1.7 Hz, 1 H),

8.257 (s, 1H), 7.827 (t, J=7.3 Hz, 1H), 7.603 (d, J= 7.5 Hz, 1 H), 7.373 (t, J=7.2 Hz, 1H),
7.239 (s, 1H), 7.137 (d, J=2.5, 1H) , 6.144 (dd, J=16.0 Hz, 1H) 6.036 (s, 1H), 5.886 (s,
1H), 5.743 (d, J= 15.4 Hz, 1 H), 2.653 (s, 3 H), 2.533 (s, 3 H), 2.496(s, 3 H), 2.357 (s, 3
H) IR (ATR, cm-1) 1939.06 (υCO), 1854.23 (υCO, br) UV−vis [CH3CN; λ, nm (ε, M−1
cm−1 )] (325, 5000), (469, 1670), (250, 7300), (228, 17500)
(L2 )Mn(O3SCF3)2, 3.6. Under an argon atmosphere, a solution containing 0.100
g (0.277 mmol, 2 equiv.) L2 in 10 mL CH3CN was added via cannula to a 5 mL solution
of CH3CN containing 0.0488 g (0.138 mmol, 1 equiv) Mn(OTf) 2. The resulting colorless
solution was stirred 1 hr. The solvent was removed under vacuum, leaving a colorless
residue. The residue was washed with 2 x 5 mL portions Et 2O and was dried under
vacuum to leave 0.128 g (87 %) (L1)Mn(OTf)2 as a colorless solid.
μeff (Evans): 5.74 μB. UV−vis [CH3CN; λ, nm (ε, M−1 cm−1 )] (254, 6700), (229,
25000), (209, 28300)
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X-ray quality crystals were obtained via ether vapor diffusion over a solution
containing 20 mg of 3.7 in 0.5 mL CH3CN.
L2Mn(OTf)2(CH3)CN(H2O), 3.7. A solution of 0.065 g (0.018 mmol) L2 in 10
mL anhydrous CH3CN was added via cannula to a solution of 0.0634 g (0.018 mmol)
Mn(OTf)2. The resulting colorless solution was stirred 1 h, and then solvent was
removed under vacuum. The residue was washed with two 5 mL portions Et 2O and was
dried under vacuum to leave 0.118 g (85%) of 3.8 as a colorless solid. X-ray quality
crystals were obtained via ether vapor diffusion over CH 3CN.
X-ray Crystals for 3.8 were obtained by layering 3.8 CH3CN over benzene.
5.4 General Procedure for Photolysis Experiments
UV-Vis quantitative photolysis studies on tricarbonyl manganese(I) complexes
were explored using two setups, one using a 660 W tungsten lamp white light source with
the sample prepared in borosilicate vials. Solutions of the manganese complexes were
prepared at a concentration of 5.6 * 10-5 M in dry aerated CH3CN and divided into twelve
dry borosilicate vials each containing 2 mL of the solution measured using a volumetric
flask. The vials were lined up in a foil lined box to ensure even irradiation. Samples were
simultaneously irradiated approximately 20 cm away from the tungsten lamp. After
defined intervals a single vial of the sample would be removed from the foil lined box,
were any generated precipitate was filtered through a cotton lined borosilicate pipette,
into a 1 cm quartz cuvette and recorded for UV-Vis spectroscopic measurements. The
process was continued until all UV-Vis spectroscopic measurements were recorded for
all samples.
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Photolysis studies using a 12 W blue LED lamp (450–460 nm, Abi PAR38) was
conducted in a quartz cuvette. 2 ml solutions of the manganese complexes were prepared
at a concentration of 5.6 * 10-5 M in dry aerated CH3CN at 23̊C. The solution was then
added into a 1 cm quartz cuvette and irradiated in a foil lined box to ensure even
irradiation. The blue led light source placed approximately 20 cm away and the sample
was irradiated in 5 minutes intervals were they would then be recorded for UV-Vis
spectroscopic measurements. This was completed over a 40 minutes period or until
changes at 355 nm band were no longer observable.
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